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Marcu, 1944 


By CHARLES D. 


INTRODUCTION 


The genus Androlaelaps was raised by Antonio 
@ Berlese in 1903 for those Laelaptidae in which leg 
| ii of the male and female is furnished with spurs 
® on the femur, genu and tibia. Amongst the mites 
miaken on a Uganda unstriped grass-rat (Arvi- 
m canthis abyssinicus rubescens Wroughton), numbers 
of two new species of this genus were found and are 
@ here described under the names Androlaelaps oude- 
mansi and A. arvicanthis. 
§ ©The dried skins of two genets (Genetta sp.) col- 
™ lected at Rutshuru, Congo Belge, were examined by 
@ my friend Mr G. H. E. Hopkins and the mites for- 
™ warded for identification. Amongst the broken 
@ specimens there were a number of fernales and one 
male of a new species of Listrophoridae. This species 
@ is herein described and figured and I propose for it 
the name Listrophorus genettus. 
@ Dr Herbert L. Dozier, of Cambridge, Maryland, 
U.S.A., at my request sent me the mask of a musk- 
tat which was heavily infested with mites. In addi- 
™ tion to many specimens of the large mite Laelaps 
multispinosus Banks, 1909 there were scores of 
Listrophoridae. These were found to be two new 
species, and I propose to name them Listrophorus 
doziert and L. americanus respectively. 
@ Banks (1909) described and figured a mite from 
= the musk-rat to which he gave the name L. validus. 
m™ Obviously the specimen figured was distorted in 
= flattening it under the cover-glass, and many of the 
YS specific characters have been excluded. It is dif- 
M ficult therefore to associate Banks’s species with 
= either of the two species now described and figured, 
=) and I feel justified in regarding them as valid 
species. 
=} Amongst mites taken on a multimammate rat 
(Mastomys coucha erythroleucus Temminck) at 
= Wellington, Sierra Leone, was a male of a new 
pecies herein described and figured as Listropho- 
africana. Hirst (1912) described and figured 
the female of Liponyssus liberiensis taken on a 
squirrel from Liberia; this was originally placed in 
the genus Leiognathus Canestrini. Amongst the 
| Mites taken on a squirrel (Heliosciurus rufobra- 
chium nyassae Atiak) at Kampala both sexes of 
Hirst’s species have been found. The male is here 


* Work carried out with the aid of a Government 
grant. 
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* described and figured. This species has also been 
taken on another squirrel (Protoxerus stangeri 
centricola Thomas). 


Genus Androlaelaps Berlese, 1903 
Androlaelaps oudemansi n.sp. 


The male venter (Fig. 1) shows the body to be 
broadly oval, the ventral scutum extending from 
the anterior edge of coxa ii to a point near the 
posterior end of the body. The anterior border of 
the scutum has a number of small concavities on 
each side of the central convexity round the genital 
pore. The antero-lateral corners project forwards 
between coxae i and ii. The scutum is concave round 
coxa ii, and has another concavity round coxa iii 
and a third round coxa iv. The scutum is then ex- 
panded, reaching its maximum width posterior to 
coxa iv, whence it converges to the level of the anal 
pore, continuing to a rounded point posterior to the 
anus, and leaving a narrow space between the 
scutum and the tip of the body. The first pair of 
sternal spines are situated on the anterior border of 
the scutum flanking the genital pore. Second pair 
of spines level with centre of coxa ii, third pair of 
spines level with anterior third of coxa iii. Meta- 
sternal pair of spines level with posterior third of 
coxa iii; genital pair of spines level with posterior 
edge of coxa iv. These five pairs of spines are 
exceptionally long and stout. Lying between coxa 
iv and the anal pore there are seven spines shorter 
and finer than the first five pairs. On the lateral 
edge of the scutum, midway between coxa iv and 
the anus, are two more small spines. The paired anal 
spines are posterior to the pore, and are long and 
slender like the seven spines on the ventral scutum. 
Posterior to the anal pore is the unpaired anal spine 
which is stouter than the paired spines. 

On the uncovered soft integument of the body 
between coxa iv and the posterior tip of the body 
there are about thirty-three to thirty-six pairs of 
small, slender spines in addition to a pair of ex- 
ceptionally long and slender spines. Leg ii shorter 
and stouter than legs i and iii, leg iv the longest. 
On the femur, genu and tibia of leg ii there is a 
stout spur; femur iv also possesses a stout spur 
ventrally. Several stout spurs on tarsi ii, iii and iv. 
Stigmal pore level with posterior edge of coxa iii, 
with the peritremal tube extending forwards to 
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posterior edge of coxai. Dorsum completely covered 
by dorsal scutum. Dorsal spines many, long and 
slender, also several exceptionally long. 

The female venter (Fig. 2) shows the body to, be 
oval. The sternal scutum lies between coxa ii, its 
anterior border widely concave, the antero-lateral 
corners extending between coxa i and ii. Lateral 
edge of scutum concave, with postero-lateral corners 
projecting between coxa ii and iii, the posterior 
border with a broad central concavity. First pair of 
sternal spines on anterior border of the scutum, 
second pair of spines level with middle of coxa ii, 
third pair of spines level with postero-lateral corners 
of scutum. The usual two pairs of sternal pores are 
borne on the scutum, posterior to the first and second 
spine. Metasternal pair of scuta level with coxa iii, 
the metasternal pair of spines flanking them on the 
inside, with the third pair of pores anterior to these 
spines, Genito-ventral scutum broadly sack-shaped, 
rounded posteriorly, its anterior edge weakly 
chitinized. The scutum bears the genital pair of 
spines posterior to coxa iv. Flanking the scutum 
there are three pairs of spines, each in a slight con- 
cavity of the scutum. The anal scutum is broadly 
triangular, with the anal pore placed in the anterior 
half of the scutum. Paired anal spines level with 
posterior end of pore, the unpaired anal spine mid- 
way between the pore and posterior tip of scutum. 
A small scutum is present on each side posterior to 
coxa iv and midway between the genito-ventral 
scutum and lateral edge of body. The ventral 
scuta are reticulated. On the soft integument of 
the body posterior to leg iv there are from forty- 
three to forty-seven pairs of spines. 

Leg ii shorter and stouter than legs i and iii, leg 
iv longer and more slender than the others. 
Chaetotaxy of legs i, iii and iv normal. On femur ii 
there is a long, strong spur, a small spur on the 
genu, a long spur on the tibia and a number of stout 
spines are present on the tarsus. 

Stigmal pore level with coxa iii, with the peri- 
tremal tube extending to the middle of coxa i. 
Dorsal scutum covering entire dorsal surface. 
Spines on dorsum few, long and slender. 

Host. Uganda unstriped grass-rat (Arvicanthis 
abyssinicus rubescens Wroughton). 

Locality. Masindi, Bunyoro, Uganda. March 
1940. G. H. E. Hopkins. 

Measurements. 3 1-4 x 1-0 mm., 9 1:34 x 0-92 mm. 
(without capitulum). 


Androlaelaps arvicanthis n.sp. 


The male venter (Fig. 3) shows the ventral 
scutum to extend from coxa ii to the posterior tip 
of body. Anterior border of scutum level with 
anterior third of coxa ii, with a prominent convexity 
centrally at the genital pore. Antero-lateral corners 
projecting between coxae i and ii, lateral con- 


the scutum reaches its maximum width, and then 
extends backwards to the posterior tip of the body, 
Ventral scutum reticulated. 

The first pair of sternal spines are placed on the 
anterior border of the scutum flanking the genital 
pore. Second pair of spines level with middle of 
coxa ii, third pair of spines level with anterior edge 
of coxa iii. The metasternal pair of spines level with 
posterior third of coxa iii, the genital pair of spines 
level with middle of coxa iv. Posterior to coxa iy 
there are eight pairs of spines. All these ventral 
spines are subequal, long and slender. The paired 
anal spines are level with the posterior edge of the 
anal pore. Unpaired anal spine midway between 
pore and tip of scutum. The three pairs of lyriform 
pores occupy the customary positions, posterior to 
the first, second and third pairs of sternal spines. 
Posterior to legs iv and flanking the ventral scutum 
the soft integument of the body bears some twenty- 
four to twenty-six pairs of spines, which are shorter 
and more slender than the spines on the scutum, 

Leg ii shorter and stouter than legs i and iii, leg 
iv longer and more slender than the remainder. 
Chaetotaxy of legs i, iii and iv normal, leg ii pos- 
sessing a stout spur on the femur, genu and tibia, 
with two stout spurs on the distal end of the tarsus. 

Stigmal pore level with posterior edge of coxa iii, 
the peritremal tube extending to the middle of 
coxa i. 

Dorsum completely covered by the dorsal scutum. 
Spines on dorsum sparse, long and slender. 

The female venter (Fig. 4) shows the body to be 
subcircular. Sternal scutum lying between coxae ii, 
the anterior border widely concave between the 
first pair of ‘sternal spines, with the antero-lateral 
corners projecting between coxa i and ii. The 
lateral edge concave round coxa ii with the postero- 
lateral corner projecting between coxa ii and iii, 
and the posterior border of scutum widely concave. 
Two pairs of lyriform pores are borne on this 
scutum, posterior to the first and second pairs of 
sternal spines. Metasternal scutum lying between 
coxa iii and iv and bearing the metasternal spine, 
and anterior to this is the third pore. Genito- 
ventral scutum sack-shaped, rounded posteriorly 
and bearing the genital pair of spines. Flanking the 
genito-ventral scutum are three pairs of spines, 
each in a concavity of the scutum. Two small 
scuta are placed near the first of these spines. Anal 
scutum widely separated from the genito-ventral 
scutum, the anal pore situated in the posterior half 
of the scutum. The paired anal spines are level with 
the middle of the pore and the unpaired spine is 
placed near the posterior tip of the scutum. The 
ventral scuta are reticulated. Soft integument of 
the venter, between coxa iv and the posterior end 
of body, bearing about twenty-eight pairs of spines 
in addition to two pairs of small scuta posterior to 
coxa iv. Leg ii shorter and stouter than legs i and 
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Fig. 1. Androlaelaps oudemansi n.sp. Venter of male. Fig. 5. Listrophorus genettus n.sp. Venter of male. 
Fig. 2. Androlaelaps oudemansi n.sp.. Venter of female. Fig. 6. Listrophorus genettus n.sp. Venter of female. 
Fig. 3. Androlaelaps arvicanthis n.sp. Venter of male. Fig. 7. Listrophorus dozieri n.sp. Venter of male, 
Fig. 4. Androlaelaps arvicanthis n.sp. Venter of female. Fig. 8. Listrophorus dozieri n.sp. Venter of female. 
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iii, leg iv long and slender. Chaetotaxy of legs i, iii 
and iv normal, leg ii furnished with a short, stout 
spur on the femur, a stout spine on the genu and 
tibia, with two stout spurs distally on the tarsus. 

Stigmal pore level with posterior of coxa iii, the 
peritremal tube reaching the anterior edge of coxai. 
Dorsum not completely covered by dorsal scutum 
(shown by dotted line). Spines on dorsum few, long 
and fine. 

Host. Uganda unstriped grass-rat (Arvicanthis 
abyssinicus rubescens Wroughton). 

Locality. Masindi, Bunyoro, Uganda. March 
1940. G. H. E. Hopkins. 

Measurements. 3 1-25 x 0-9mm., 2 1-5 x 1:15 mm. 
(without capitulum). 


Genus Listrophorus Pagenstecher, 1861 
Listrophorus genettus n.sp. 


The male venter (Fig. 5) shows the body to be 
elongated with a number of strongly chitinized 
scuta. Leg i placed near the anterior end of the 
body and close to the capitulum. "Leg ii shorter and 
stouter, placed on the anterior third of the body 
close to leg i. Leg iii short, stout, and placed about 
the middle of the body, leg iv stouter than the 
others and placed on the posterior third of the body. 
The scuta anterior to legs iii and iv are pitted, all 
others are strongly chitinized. Chaetotaxy of legs 
sparse, leg ii possessing two long spines in addition 
to the smaller spines. 

Penis large, placed between coxa iii and iv and 
surrounded by a strong, chitinized arch. Spines on 
venter few. One pair of small spines in middle of 
body between coxae ii, one pair laterally before 
coxa iii, a pair between coxae iii, another pair 
anterior to genital arch. Flanking the genital arch 
is a further pair of spines, with another pair of 
spines posterior to coxa iv and anterior to the pair 
of sucker disks. 

Posterior to coxa iv the body is reduced into the 
caudal lobe; half-way down its length there are two 
spines laterally on each side. A pair of transparent 
flaps, each bearing a long spine, terminates the 
body. At the anterior end of the body, surrounding 
the capitulum, there is a pair of hood-like grasping 
organs by which the mite attaches itself to the fur 
of the host. 

The female venter (Fig. 6) shows the body to be 
elongated, oval, possessing a number of chitinized 
scuta, closely similar to those of the male. The 
pitted scuta, anterior to coxa iii in the male, are 
fused into one scutum in the female. Leg i and ii 
placed well forward on the body and nearer the 
median line than in the male. Leg iii placed in the 
centre of the body with leg iv almost on the pos- 
terior third of the body. Chaetotaxy of legs more 
numerous than in the male. Genital pore placed 


between coxae iii, flanked by two pairs of suckers, 
Spines on venter few. One pair on the pitted 
scutum anterior to coxa iii; one pair anterior to and 
flanking the genital pore; another pair between 
coxae iv, and four pairs flanking the anus n 
posterior end of the body. “ 

Host. A genet (Genetta sp.). 

Locality. Rutshuru, Congo Belge. May 1942, 
F. L. Hendrickx. 

Measurements. 0-48x0-12 mm., 0-54 x 
0-19 mm. 


/Listrophorus dozieri n.sp. 

’ The male venter (Fig. 7) shows the body to be 
elliptical and to have a number of chitinized scuta, 
Legs i and ii situated on the anterior third of the 
body. Leg iii placed posterior to the centre of the 
body and closer to the median line, leg iv placed 
well back on the posterior third of the body. A 
number of spines are borne on the venter; one pair 
between coxae ii and one pair on the pitted scuta 
posterior to coxa ii. On the pitted scutum anterior 
to coxa iii there are three pairs of spines, and one 
pair of spines flanks the genital armature level with 
coxa iv. Just anterior to the sucker disks there is a 
pair of spines, with a pair of small spines near the 
end of the body. On the posterior tip of the body 
there are two projecting flaps on each of which are 
two long, stout spines. 

The female venter (Fig. 8) shows the body to be 
elliptical with chitinized scuta as in the male. Legs 
placed as in the male. Spines on venter few. One 
pair placed anterior to, and between coxae ii, three 
pairs on pitted scutum anterior to coxa iii, one 
pair on the scutae lying between coxae iii. The 
genital pore, which is flanked by two pairs of suckers 
and a pair of spines, lies anterior to coxa iii. 
Another pair of spines is placed between coxae iv, 

The fur-grasping organ in this species is borne on 
the capitulum posterior to the mandibles, and on 
the hood-like flap anterior to the mandibles. 

Host. Black musk-rat (Ondatra zibethica macro- 
don). 

Locality. Cambridge, Maryland, U.S.A. June 
1940. H. L. Dozier. 

Measurements. 3 0°42 x 0-15mm., 2 0-5 x 0-18mm. 


v Listrophorus americanus n.sp. 
The male venter (Fig. 9) shows the body to be 
elongated, elliptical, the ventral scuta differing 
from those of L. dozieri n.sp. Leg i and ii placed on 
the anterior third of the body with leg iii placed 
midway between anterior and posterior ends of 
body, and leg iv on the posterior third of the body. 
Between coxae i and ii, and close to the centre of 
the body, there is a pair of small spines. On the 
pitted scuta posterior to coxa ii there is a pair of 
spines, whilst the pitted scutum anterior to coxa 
iii bears two pairs of spines. Flanking the inner pair 
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of these spines there is a pair of spines lying anterior 
to the genital aperture. Between coxae iv there is 
gnother pair of spines with a second pair of spines 
lying posterior to them, closer to the central line, 
and just anterior to the sucker disks. At the pos- 
terior end of the body there are two long, stout 
spines and two short, fine spines. Spines on legs 
sparse. Fur-grasping organs borne at the anterior 
end of the body. 
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body with leg iv placed farther back towards the 
posterior third of body. The strongly chitinized 
scuta are in three main areas. The scutum covering 
the anterior portion of the body is pitted around 
coxae i and ii, and the pitted areas are united by a 
strongly chitinized area. Coxae iii and iv are borne 
upon a large, pitted scutum. The penis is directed 
posteriorly, lies between coxae iv and is surrounded 
by a chitinized ring. Spines on venter few. One 


Figs. 9-11 


Fig. 9. Listrophorus americanus n.sp. Venter of male. 
Fig. 10. Listrophoroides africana n.sp. Venter of male. 


Host. Black musk-rat (Ondatra zibethica macro- 
don). 

Locality. Cambridge, Maryland, U.S.A. June 
1940. H. L. Dozier. 

Measurements. 3 0-44 x 0-17 mm. 


Genus Listrophoroides Hirst, 1923 
Listrophoroides africana n.sp. 

The male venter (Fig. 10) shows the body to be 
broadly elliptical, with legs i and ii placed at the 
anterior third of the body, close to the lateral edge. 
Leg iii placed just anterior to the middle of the 


Fig. 11. Liponyssus liberiensis Hirst, 1912. Venter of 
male. 


pair betweén coxae i and ii, two pairs on the scuta 
of legs iii and iv. A pair of spines is placed anterior 
to the genital armature, with another pair pos- 
teriorly. Two pairs are placed near the posterior end 
of the body. Chaetotaxy of legs sparse. Fur- 
grasping organs borne on end segments of legs i 
and ii. 

Host. Multimammate rat (Mastomys coucha 
erythroleucus Temminck). 

Locality. Wellington, Sierra Leone. 20 June 1936. 
D. H. 8. Davis. 

Measurements. 3 0-4 x 0-14 mm. 
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Genus Liponyssus Kolenati, 1858 
Liponyssus liberiensis Hirst, 1912. 


The most conspicuous specific character is the 
prominent spurs on the coxae and on tarsus ii. 

The venter of male (Fig. 11) shows the body to be 
oval. Anterior border of ventral scutum is placed 
anterior to the middle of coxa ii, with a concavity 
flanking the genital pore on each side. Antero- 
lateral corners directed towards anterior edge of 
coxa ii. Lateral edge of scutum with concavities 
panded posterior to coxa iv and then constricted 
before anal pore. The posterior end of scutum is 
widely separated from the end of the body. 

First pair of sternal spines on anterior border of 
scutum in the concavities. Second pair of spines 
level with posterior third of coxa ii, third pair of 
spines level with middle of coxa iii. Metasternal 
pair of spines level with posterior edge of coxa iii, 
genital pair of spines level with middle of coxa iv. 
Posterior to coxa iv the scutum bears three pairs of 
spines in addition to the three anal spines. Anal 
pore lying in anterior half of anal region, close to the 
constriction of the scutum. Paired anal spines close 
to anterior edge of anal pore with the unpaired anal 
spine close to posterior tip of pore. Uncovered, soft 
integument of body furnished with fourteen to 

‘fifteen pairs of spines. 
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Legs short and stout, leg ii being the stoutest, 
Coxa ii with a tooth-like spur on the anterior dorsal] 
edge, and a strong spur on the anterior ventral edge 
directed backwards. A similar spur is placed in the 
middle of the coxa with another spur on the pos- 
terior edge. 

Tarsus ii possesses a pair of stout spurs ventrally 
on the distal end. Coxa iii has a stout spur on its 
anterior edge and two spurs on the posterior edge, 
Coxa iv bears a spine in the middle and a stout spur 
on the posterior edge. Stigmal pore level with coxa 
iii, the peritremal tube reaching middle of coxa i, 
Dorsum covered by dorsal scutum. Spines on 
dorsum many, fine, short. 


Host. A_ squirrel (Heliosciurus rufobrachium 
nyassae Atiak). 
Locality. Kampala, Uganda. 23 May 1939, 


G. H. E. Hopkins. 
Measurements. 3 0-65 x 0-41 mm. 


To Mr G. H. E. Hopkins, Senior (Medical) 
Entomologist, Kampala, Uganda, Dr Herbert L. 
Dozier, Blackwater Refuge, Cambridge, Maryland, 
U.S.A., Mr D. H. S. Davis, Pretoria, South Africa, 
and to Mr F. L. Hendrickx I wish to acknowledge 
my thanks for the material used in writing this 
paper. 

Holotype and allotype slides are being placed in 
the collection of the British Museum (Nat. Hist.). 
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I. INTRODUCTION 


In an earlier paper it was concluded that the re- 
sistance which the species mentioned above dis- 
plays to changes in osmotic pressure is not due to 
the impermeable nature of the cuticle (Stephenson, 
19426). The present work was undertaken with the 
object of determining whether experiments with 
unbalanced salt solutions would contradict or 
confirm this hypothesis. 

Preliminary investigations showed that the 
qualitative effects of immersion in unbalanced salt 
solutions were very similar to those produced in the 
same concentrations of Ringer-Locke solution. 
Since immersion in a concentration of the latter 
solution approximately isotonic with the culture 
medium (equivalent to 20 mM. NaCl) produces no 
conspicuous changes in the animal (Stephenson, 
19426), it was evident that the investigation would 
have to be limited to the study of solutions of high 
salt content. Moreover, very few of the changes 
produced in these concentrated solutions are suf- 
ficiently clear-cut to be measured accurately, with 
the exception of the changes in length, and in the 
movement ef the worm. The investigation was 
therefore further limited to measurements of these 
changes. 


Female specimens which were about to begin laying 
eggs, and which had been reared by the standard 
method (Stephenson, 1942a), were used as experi- 
mental material. The general method of handling, 
and the method of measuring changes in length 
were exactly as previously described (Stephenson, 
19426). The effects of immersion in concentrated 
solutions of the following substances were investi- 
gated: (1) NaCl, buffered with NaHCO, to a pH of 
7-2+0-1; (2) KCl, similarly buffered with KHCO,; 
(3) MgCl,; here the pH was initially adjusted to 7-2 
by means of Mg(OH),, but later, since identical re- 
sults were obtained without this adjustment, it was 
dispensed with; (4) CaCl,; (5) a ‘control’ solution of 
balanced salts containing NaCl, KCl, and CaCl, in 
the proportions of Locke’s solution, with the addi- 
tion of NaHCO, to bring the pH to 7-2. All solu- 
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By WILLIAM STEPHENSON, Pu.D., Department of Zoology, King’s College, 
University of Durham, Newcastle-on-T yne 


(With 5 Figures in the Text) 


tions were made up with glass distilled water, and 
B.D.H. ‘Analar’ quality chemicals were used 
throughout. Certain experiments were also made 
with cyanide solutions, the details of the method 
being given later (see p. 169). 


Ill. CHANGES IN MOVEMENT 


Cessation of spontaneous movement was the only 
change in the movement of the worms which was 
sufficiently sharply marked to permit of accurate 
timing. An individual was considered to have 
ceased moving spontaneously when no such move- 
ment was observed during 4 min. of continuous 
observation, and when half of each batch of ten 
animals satisfied this condition, the time of spon- 
taneous movement was noted to the nearest 4 min. 

The reciprocal of this time is here taken as an 
approximate measure of the physiological effect of 
a given solution, with respect to the movement of 
the animals. Reciprocals of the times in minutes 
required to cause cessation of spontaneous move- 
ment in different concentrations of the above solu- 
tions are shown on Fig. 1. 

The determinations were repeated by using 
animals which had been reared in cultures to which 
a small amount of NaCl had been added (sufficient 
to raise the electrolyte concentration from 20 to 
77 mM. NaCl). The results in this case are shown on 
Fig. 2. Further determinations were made by using 
animals reared in cultures with a larger addition 
of NaCl (sufficient to raise the electrolyte concentra- 
tion from 20 to 191 mM. NaCl), and the results 
are shown on Fig. 3. 

From the above results it can be seen that, in 
each case, the effects produced by the solutions 
increase with increasing concentration over the 
greater parts of the ranges employed. At the higher 
concentrations however, the values of 1/7’ become 
approximately constant, and further increases in 
concentration produce a little or no increase in the 
rate of cessation of spontaneous movement. 

The relative effects of isotonic solutions of dif- 
ferent substances depend on the concentrations 
employed, as can be seen from the intersections of 
the curves in the above figures. For the sake of com- 
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Fig. 1. 


0 01 O02 O03 04 055 


06 07 0-8 0-9 


Osmotically equivalent molarity of NaCl > 
Fig. 2. 


Figs. 1-3. Reciprocals of the times in minutes required 
to produce cessation of spontaneous movement in 
different concentrations of chloride solutions. The 
animals used as experimental material were obtained 
from cultures of different osmotic pressures. The re- 
sults shown on Fig. 1 were obtained with worms from 
standard cultures. Those shown on Fig. 2 were ob- 
tained with animals from cultures to which a small 
amount of NaCl had been added (sufficient to raise the 
electrolyte concentration from 20 to 77 mM. NaCl). 
Those shown on Fig. 3 were obtained with animals 


' from cultures to which a larger amount of NaCl had 
been added (sufficient to raise the electrolyte concen- 
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tration from 20 to 191 mM. NaCl). 
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parison with later results it should be noted that the 
relative rates of cessation of spontaneous movement 
(with respect to animals from standard cultures) 
produced by solutions isotonic with 0-51 M NaCl, 
is as follows: NaCl> Balanced salt, CaCl, > MgCl,, 
KCl. 

The positions of the curves relative to each other 
ere altered little by changing the osmotic pressure 
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observed. Critical concentrations of the different 
solutions, with respect to animals from the three 
different culture media, are given in Table 1 in 
terms of the osmotically equivalent molarities of 
NaCl. 

Table 1 shows that, while the relative order of the 
critical concentrations is not altered by increasing 
the osmotic pressure of the culture medium, the 


4 
O O2 04 06 


Osmotically equivalent molarity of NaCl > 
Fig. 3. 


of the culture medium, and this is particularly true 
of the lower concentrations. Thus by extrapolating 
the curves in the above three figures to cut the con- 
centration axes, a series of critical concentrations are 
obtained below which the measured effect was not 


Table 1 
(For explanation see the text.) 


Critical concentrations in terms of 
osmotically équivalent molarity of 
NaCl with respect to animals from 


Cultures with Cultures with 
Nature of Standard 0:077M NaCl 0-191M NaCl 


solution cultures added added 

MgCl, 0-02 0-07 0:35 

CaCl, 0-15 0-22 0-41 

NaCl 0-17 0-22 0-49 

Balanced 0-22 0-28 0-59 
salt 

KCl 0-28 0-36 0-76 


absolute magnitudes are increased in all cases. This 
fact will be discussed at a later stage. 


IV. CHANGES IN LENGTH. 
SHRINKAGE CURVES 


Only one concentration of each solution was em- 


‘ployed in these experiments, and each solution was 


osmotically equivalent to 0-51 M NaCl. The mean 
percentage decreases in length of five worms at dif- 
ferent times after immersion in these solutions is 
shown on Fig. 4. This figure shows that the sub- 
stances can be arranged in order of the amounts of 
shrinkage they produce at equilibrium as follows: 
KCl > MgCl, > Balanced salt, CaCl, > NaCl. 


V. EFFECT OF CYANIDE TREATMENT 


20 mM. solutions of NaCN and KCN were freshly 
prepared by dissolving the appropriate salt in glass 
distilled water, and the pH then adjusted to be- 
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tween 6-9 and 7-2 by the addition of HCl. Worms 
from standard cultures were placed singly in about 
3 c.c. of solution in a watch glass, and the solution 


i was immediately covered with a glass plate to ex- 
clude air bubbles and minimise the loss of HCN. 
Length changes were noted during the 3 min. the 


Speci- 


worms were subjected to this treatment. 
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solution. It will be further noted that NaCN i gives 
a much greater effect than KCN. 


VI. DISCUSSION 


It has been previously noted that the unbalanced 
solutions equivalent to 0°51 _M NaCl can be ar- 


0 5 10 


15 


Time in minutes > 
Fig. 4. Mean percentage decreases in length of lots of five individuals (from standard cultures) at different times 
after immersion in the solutions shown. All solutions were of the same osmotic pressure, and were osmotically 


equivalent to 0-51 M NaCl. 


mens were then removed to a concentrated balanced 
salt solution (equivalent to 0-51 M NaCl) and length 
changes again noted. The results are shown on 
Fig. 5, together with those obtained upon animals 
which had not been subjected to the cyanide treat- 
ment. Fig. 5 shows that both solutions of cyanide 
reduce the amount of swelling which is produced on 
subsequent transfer to the concentrated saline 


ranged in order of their effects upon the movement of 
animals from standard cultures as follows: MgCl, 
KCl <CaCl,< NaCl. This order is surprising, and 
approximately the reverse might have been ex- 
pected. The position of MgCl, is particularly unex- 
pected, since magnesium solutions have long been 
used by histologists and others to immobilize many 
types of animals. The easiest interpretation seems 


to be t 
of the 

Fig: 
of the 
slight! 
concel 
gests | 
unbal 
opera 
noted 
gure ¢ 
tured 
tion 


4 

a 
20 
salt 
\\ YIN 
25 
4 Ne 
<4 
MgCl. 
4 
CaCly 
\/ 
KCl Balanced salt 
40 decrease “A 
in length 
a 
rec 
45 
balar 
seem 
both 
oF the s 
a to th 
effect 
comy 
As 
tions 
First 
7 the 
The 
proc 


lanced 
be ar- 


WILLIAM STEPHENSON 


to be that the MgCl, is penetrating to the protoplasm 
of the worms more slowly than the remainder. 
Figs. 1-3 show that the effects on the movement 
of the worms produced by NaCl solutions are only 
slightly greater than those produced by equivalent 
concentrations of balanced salt solution. This sug- 
gests that the effects of the former are not due to its 
unbalanced nature, and that the same factors are 
operative with both types of solution. It has been 
noted previously that increasing the osmotic pres- 
sure of the medium in which the worms are cul- 
tured necessitates, in general, a higher concentra- 
tion of each solution to produce an equivalent effect. 
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penetration of the substances in solution. Dif- 
ferences between the amounts of shrinkage produced 
by two substances might thus be due to differences 
in the rate of removal of water, and/or to dif- 
ferences in the rate of entry of dissolved substances. 
If differences in the rate of removal of water are 
neglected, then the greater the amount of shrinkage 
at equilibrium, the slower the penetration of the sub- 
stance. On this basis, the substances investigated 
can be arranged in order of penetration rates ap- 
proximately as follows: NaCl> CaCl, > MgCl, > KCl. 
The low position of MgCl, in this series supports the 
conclusion previously reached with respect to its 
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Fig. 5. Mean percentage changes in length of five individuals (from standard cultures) during three minutes of 
immersion in 20 mM. cyanide solutions. Also changes in length of these specimens on subsequent transfer to 
a concentrated balanced salt solution (=0-51 M NaCl), together with the changes observed which had not 


received cyanide treatment. 


Since this applies equally to the balanced and un- 
balanced solutions (except possibly MgCl,), it again 
seems probable that the same factors operate in 
both cases. In other words, the effects produced by 
the solution of single salts are apparently not due 
to their unbalanced nature. If this is true, the 
effects produced by the different solutions can be 


compared with one another on an equivalent basis. 


As the worms shrink in the concentrated solu- 
tions, two processes might be expected to occur. 
First, water will pass out of the body, and secondly, 
the substance in solution will pass into the body. 
The size of the worms will be reduced by the former 
process, but this reduction will be lessened by the 


low penetrating power, and partially justifies the 
assumptions which have been made above. On the 
other hand, since the K ion has a much greater 
mobility than the Na ion, it might have, been ex- 
pected that it would penetrate more rapidly, as it 
may well do in the case of many other animals 
(Pantin, 1931; Krogh, 1939; Danielli, 1942). Con- 
firmatory evidence was therefore thought desirable, 
and certain of this evidence was provided by the 
previously described experiments with cyanide 
solutions. It might be argued that, since very 
strong cyanide solutions were employed, abnormal 
effects might have been produced, and that con- 
clusions of general application drawn from these 
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experiments are therefore open to _ suspicion. 
Against this, all the worms used in the experiments 
recovered on transfer to the culture medium, as did 
others which had been kept for 17 min. in solutions 
of the same concentration. 

After cyanide treatment, the amount of shrinkage 
on subsequent transfer to a concentrated saline 
solution is reduced. Further experiments showed a 
similar reduction in swelling on subsequent transfer 
to glass distilled water. From these results it can be 
concluded that cyanide treatment reduces the rate 
of passage of water both into and out of the body, 
i.e. that it reduces the permeability of the body to 
water. In this event the amount of decrease in 
permeability will be proportional to the amount of 
cyanide which enters the body. Therefore, since 
NaCN produces a greater effect than KCN (see 
Fig. 5), it must be concluded that it reaches the site 
of action more rapidly. This supports the conclusion 
reached by a consideration of the effects of concen- 
trated solutions of the respective chlorides. 

In the normal culture medium, evidence has been 
presented to indicate that the internal osmotic pres- 
sure is greater than the external (Stephenson, 
19426). Therefore, although it has so far been im- 
possible to demonstrate that the animals absorb 
ions from their normal environment, it must be pre- 
sumed that this process does occur. A continuance 
of this process, even when the external environment 
is considerably more concentrated than normal, 
might well explain the above results. 


VII. SUMMARY 


1. Worms which had been cultured in media of 
different osmotic pressures were immersed in con- 
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centrated solutions of NaCl, KCl, CaCl, and MgC(l,, 
and the times of cessation of spontaneous move- 
ment noted. 


2. Worms from ‘normal’ cultures were immersed 
in a single concentration of each of the above solu- 
tions (all osmotically equivalent to 0-51 M NaCl) 
and the shrinkage curves were determined. 


3. Worms from ‘normal’ cultures were placed in 
NaCN and KCN solutions and the subsequent 
shrinkage on immersion in a concentrated balanced 
salt solution was measured. From these results it is 
concluded that cyanide decreases the permeability 
of the body to water, and also that NaCN enters the 
body more rapidly than KCN. 


4. It has been shown that the chloride solutions 
which produce the greatest effect on the movement 
of the worms produce the least shrinkage and vice 
versa. From this it is concluded that the substances 
investigated can be arranged in order of their rates 
of penetration approximately as follows: NaCl> 
CaCl,>MgCl,, KCl. 

5. It is suggested that the results obtained are 
more easily explained on the assumption that the 
rates of penetration of the substances used are con- 
trolled by the activities of living protoplasm than 
by the properties of non-living cuticle. 


The writer wishes to express his deep gratitude 
to Prof. A. D. Hobson for his invaluable advice and 
assistance at all stages. Thanks are also due to 
King’s College, University of Durham, for financial 
assistance in the form of a Post-Graduate Student- 
ship. 
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THE ISOLATION OF VIRUSES BY MEANS OF THE ELECTRICALLY 
DRIVEN SHARPLES SUPERCENTRIFUGE 


By ROY MARKHAM, Plant Virus Research Station and Molteno Institute, Cambridge 


(With 1 Figure in the Text) 


INTRODUCTORY 


In recent years it has been shown that the methods 
of isolation of plant viruses involving salt precipita- 
tion often result in the partial or complete loss of 
virus activity and in the irreversible alteration of 
the physical properties of the virus particles them- 
selves. This latter effect is especially marked in the 
ease of the greatly asymmetrical viruses such as 
tobacco mosaic (Loring, Lauffer & Stanley, 1938) 
and potato X (latent mosaic) (Loring, 1938) viruses, 
and is manifest in the reduced infectivity and the 
greatly increased viscosity and flow birefringence of 
the preparations. 

Consequently there has been a tendency in the 
past few years to use less drastic methods of isola- 
tion, using the high-speed vacuum centrifuges 
specially developed for this purpose by Bauer & 
Pickels (1936), Wyckoff & Langsdin (1937) and 
others. These centrifuges are costly and have a 
small capacity (60-150 ml.), so that the centrifuging 
of large volumes is tedious. Recently, Stanley 
(1942) has described a method of isolating tobacco 
mosaic virus using a Sharples supercentrifuge driven 
by an air turbine at 50,000 r.p.m. Using a‘con- 
tinuous feed, he managed to spin large volumes but 
only managed to recover about 60% of the virus. 

Previously, Galloway & Schlesinger (1937) using 
a belt-driven Sharples with a speed of 31,000 r.p.m. 
concentrated foot-and-mouth disease virus from 
10 ml. volumes, and Bawden & Pirie (1939) mention 
the use of a Sharples for concentrating potato Y 
virus. 

McIntosh & Selbie (1940) using an air-turbine 
driven Sharples with a specially modified bowl 
holding only 9 ml. of fluid and using a continuous 
feed at 40,000 r.p.m. managed to concentrate 
several viruses. It will be seen, however, that a con- 
tinuous feed is a very inefficient method for isolating 
small particles. 


THE THEORY OF CENTRIFUGING 


When a solution containing large molecules is 
centrifuged at high speed, it is possible to conceive 
two extreme and different ways in which the mole- 
cules will sediment. These are: 

(a) Convectionless (ultracentrifuge) sedimentation. 
In the absence of convection in the fluid, a state 


which necessitates vibrationless running at a con- 
stant temperature in sectorial cells of small dimen- 
sions, boundary formation is observed. In this case, 
the concentration of the material sedimenting is nil 
in the part of the cell above the boundary, and the 
rate at which the substance sediments past a given 
level may be calculated from the usual ultracentri- 
fuge theory. This is discussed in detail in Svedberg 
& Pedersen (1940, pp. 301-3). 

(b) Stirred sedimentation. In a centrifuge in 
which there are vibrations, temperature gradients, 
mechanical stirring, non-sectorial tubes or a com- 
bination of these factors, boundary formation is 
partly or wholly prevented. The extent to which 
mixing in the fluid takes place depends upon a series 
of factors including the sedimentation velocity of ° 
the particles, their concentration, the speed of the 
centrifuge, etc. 

In a completely stirred centrifuge, in which the 
concentration of the substance sedimenting is kept 
constant in all parts of the supernatant liquid and in 
which all particles are trapped permanently on 
reaching the bottom of the tube, the concentration 
of the substance sedimenting decreases exponenti- 
ally, the rate being proportional to the centrifugal 
field at the bottom of the centrifuge tube, to the area 
on to which sedimentation takes place, and in- 
versely proportional to the volume of fluid. 

Bechhold & Schlesinger (1931) and Schlesinger 
(1934) give the following relationship for parallel- 
walled centrifuge tubes with flat bottoms: 


Ct/C,=e—REUh, (1) 


where Ct/C, is the ratio of concentrations in the 
supernatant fluid at time ¢ and at the beginning of 
the experiment, F is the radius of the centrifuge at 
the bottom of the tube, and A is the height of the 
column of liquid in the tube. K is equivalent to 
w*s, where w is the angular velocity and s is the 
sedimentation constant of the substance sedi- 
menting. 

For a sectorial cell or a hollow cylinder like the 
Sharples bowl, the relationship becomes 


Ct/Cy = Et2hR—h*), (2) 


which is equivalent to equation (4a) of McBain & 
Leyda (1941) though different in form. 
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Dr D. E. Lea has pointed out that a general 
formula covering both types of tube is 


(3) 


where A is the area on to which sedimentation takes 
place and V is the volume of fluid being centrifuged. 


The use of the electrically driven 
Sharples Supercentrifuge 


The laboratory model of the Sharples centrifuge 
is a self-contained machine driven by a high-speed 
electric motor through a friction drive of the sun- 
and-planet type. The maximum speed is 25,000 
r.p.m. and may be maintained indefinitely. The 
bowl has an internal radius of 2-22 cm. and a length 
of 20 cm. The clarifier bowl which was used for 
these experiments holds a maximum volume of 
some 270 ml. 

The necessary constants are therefore: 


A=279 em.?, 
= 6-85 x 10® (radians/sec.)?, 
R=2-22 cm., 


V and ¢ are measured. 


The time of spinning necessary for sedimenting 
any desired quantity of a substance is easily calcu- 
lated from equation (3), especially if tables of ex- 
ponentials are used, but for convenience Fig. 1 gives 
the relationship between Ct/C, and ¢ for various 
values of s. The values are correct for a solvent of 
relative viscosity of 1-12 at 24~-25°, the usual run- 
ning temperature of the centrifuge. For this case V 
has been taken as 100 ml. For other conditions, the 
time to reach the desired value of Ct/C, is propor- 
tional to the sedimentation constant. 

From Fig. | it is obvious that a continuous feed is 
undesirable as the sedimentation is more rapid in 
concentrated solutions, so that intermittent spin- 
ning of relatively large volumes is more efficient and 
more rapid. If desired, a continuous and rapid 
circulation may be maintained using the centrifuge 
as a centrifugal pump. The overflow is connected to 
the inlet jet by means of a funnel and a length of 
tubing. While this technique is convenient, it has 
little to recommend it, as there is much frothing and 
evaporation. If circulation is rapid, equation (3) is 
approximately valid if V is taken as the total volume 
of fluid in circulation. 

The sediment is made to adhere to the walls of 
the bowl by lining the latter with a layer of filter 
paper. The roll of paper is allowed to overlap some 
2-3 cm., and if a large volume of sediment is ex- 
pected a double layer of filter paper is used. The 
paper is cut some 3 cm. too long so that a double 
layer may be put at the bottom of the bowl. This 
prevents the tearing of the edge of the paper. The 
centrifuge is allowed to run for some time before the 


fluid is added. This allows the paper liner to flatten 
and fit the bowl exactly. 

The filter paper acts as if it consisted of a large 
number of minute tubes into and through which the 
particles sediment. This prevents the sediment from 
being resuspended when the centrifuge stops. The 
virus may be recovered almost quantitatively by 
pounding in a mortar with a small quantity of dilute 
buffer. The liquid is then expressed through muslin. 
A large quantity of virus reaches the surface of the 
bowl even through two layers of filter, and is re. 
moved by means of a roll of muslin on the end of a 
glass rod. 

In order to prevent evaporation a thin layer of 
liquid paraffin may be put on the surface. It is re- 
moved at the end of the run by means of a small 
quantity of water which wipes the paraffin off the 
surface. If desired, the non-sedimenting impurities 
may be removed by using a large volume of water. 


EXPERIMENTAL 


The method has been used for sedimenting tobacco 
mosaic, bushy stunt, potato X and a tobacco 
necrosis virus, as well as a new virus affecting 
Atropa belladonna (Kenneth M. Smith, 1943), and 
infectivity tests show that the greater part of the 
viruses is recovered from sap, from frozen leaves, 
clarified with di-sodium phosphate, after spins of 
3 hr. 

Tobacco mosaic virus prepared by four cycles of 
spins at high-speed alternating with low-speed 
centrifuging, was found to contain 0-5 % of P and 
2-4,% of carbohydrate estimated as glucose. 

One litre of clarified tobacco mosaic sap from 
tobacco was spun with a continuous flow for 9 hr. 
followed by two sedimentations for 2 hr. from 
100 ml. and yielded 1-05 g. of virus. Samples of this 
were used for the experimental verification of 
equation (3). 

Spins were made for known times on several con- 
centrations of the virus suspended in M/10 phos- 
phate buffer of pH 7-0 (see Lauffer, 1940), and the 
values of Ct/C, were estimated either spectro- 
photometrically using the absorption at 260 my, or 
by means of a Leitz nephelometer, which is ad- 
mirably suited to the estimation of weak virus solu- 
tions, as they show a very marked Tyndall effect. 

Experimental details are given in Table 1, and 
the results are quite satisfactory. It would seem 


Table 1. The sedimentation rates of solutions of 
centrifugally isolated tobacco mosaic virus 


Conc. Ct/C, 

Exp. % Vml.tmine % 8 
a 0-5 96 36 7:3 280 257 
b 0-2 95 44 11 192 177 
c 0-35 39 14 12 237 218 
d 0-35 45 24 5-4 219 202 
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that in these fairly concentrated solutions a certain 
amount of concentration gradient formation takes 
place and so sedimentation proceeds more rapidly 
than would be expected. Equation (3) applies, of 
course, to the most unfavourable conditions of sedi- 
mentation. In crude plant sap, however, it is 
practically certain that mixing is complete. 

For the purposes of calculation of the results pre- 
sented in Table 1, R is taken as 2-2 cm. inside the 
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and are not presented as experimental determina- 
tions of sedimentation constants. The best pub- 
lished values of the latter are to be found in the 
paper of Lauffer (1940). 


DISCUSSION 
Although a great amount of work has been done by 
means of the technique generally known as ‘dif- 
ferential centrifugation’ there is a considerable lack 
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Fig. 1. Anticipated minimum sedimentation rates at 25,000 r.p.m. for 
100 ml. quantities of substances of various sedimentation constants, 


for comparison. 


filter paper, and A is taken as 276 cm.? The viscosity 
of the buffer at the temperature of the experiment 
is taken as 0-0092 poise. No correction has been 
made for solvent density, as the error involved is 
considerably smaller than the experimental errors. 

It must be emphasized that these results are only 
intended for comparison with the theoretical values 


as calculated from equation (3). 


The lower values are only intended 


of information concerning the processes involved. 
In the case of the vacuum centrifuges, it is quite evi- 
dent that convectionless sedimentation could not 
take place on account of the shape of the tubes. On 
the other hand, vibration and temperature changes 
are small and the gravitational fields are large, so it 
is likely that a concentration gradient will be set up 
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in the case of large particles. That is to say, the 
stirring is insufficient to ensure complete mixing in 
the supernatant liquid. 

Bauer & Pickels (1936), working on yellow-fever 
virus, comment on the fact that it was impossible 
to sediment all the virus, but state that they do not 
believe that this is due to convection. 

Data given by Stanley (1937), Loring & Wyckoff 
(1937) and Price & Wyckoff (1939) suggest that 
convection is present, but perhaps the fullest data 
on the conditions in a vacuum centrifuge are given 
by Hughes, Pickels & Horsfall (1938) who investi- 
gated the concentration at various levels in the 
centrifuge tubes after the run. They attempted to 
express their results in a form analogous to the 
sedimentation constant, but their ‘sedimentation 
factor’ is a measure of the divergence of this type of 
centrifuge from the ideal ultracentrifuge as well as 
of various other factors. Their results do, however, 
establish beyond doubt that considerable convec- 
tion is present in all their cases, which include 
haemocyanin (Limulus polyphemus) and yellow- 
fever virus. 

Evidence in support of the possibility that sedi- 
mentation might proceed in the absence of convec- 
tion in air-driven vacuum centrifuges, has been 
produced by Rosenfeld (1942), who has attempted 
to measure sedimentation constants with this type 
of machine, using a porous partition to divide the 
tube into two parts. The assumptions that no con- 
vection takes place and that a boundary is formed 
are made, and the corrected values for sedimenta- 
tion constants obtained by this means are in good 
agreement with those obtained with ultracentri- 
fuges, but the method of correcting the experi- 
mental data in such a way that the values for 
haemoglobin always come to the accepted value of 
8g) = 4-4 S. is open to criticism. The somewhat com- 
plex formula used for calculating the results con- 
tains an error, in that Svedberg’s equation, which 
gives the decrease in concentration in the fluid 
below the boundary in a sectorial cell 


Ct=Cye—2o*s, 


is wrongly applied to the case of the parallel-sided 
inclined tubes which are used in this type of centri- 
fuge. It seems evident that Rosenfeld’s data are 
inconclusive. They do, however, establish that 
mixing in the supernatant is incomplete. 

Recently Pickels (1943) has made a practical 
investigation of the problem and finds that: the 
formation of boundaries does not take place in his 
centrifuges when Limulus haemocyanin is spun in 
concentrations less than about 0-5%. By intro- 
ducing an artificial density gradient of sucrose he 
manages to increase the sedimentation across the 


gradient, which acts similarly to the filter paper 
in the Sharples. He gives an empirical relationship 
for the estimation, either of the particle size of 
the substance under examination or of the time 
needed for sedimentation for the majority of the 
substance. It would appear that the theoretical 
limitations of this method are too great to allowa 
confident estimate of particle size to be made. 

It is of some importance to know whether or not 
convection is present, not merely to assess the 
efficiency of the centrifuge as a means of sedi- 
menting molecules but also to assess the efficiency 
of the centrifuge as a means of separating molecules 
of differing sedimentation velocities. The maximum 
separation possible with a fully convecting centri- 
fuge can be calculated from equation (3) or from 
Fig. 1. It can be seen that the maximum separation 
of a large virus from a smaller contaminant is ob- 
tained by shortening the duration of the spin and 
thus reducing the yield of the virus. It can also be 
seen that the same degree of separation is achieved 
for a given percentage yield, irrespective of whether 
it is the result of several successive centrifugations 
or that of one spin. Thus no advantage, beyond the 
washing away of the fluid which is held mechani- 
cally by the pellet or, in the case of the Sharples, by 
the filter paper, is given by repeating the sedi- 
mentation. This result is most illuminating, as it 
means that the purification by ‘differential’ centri- 
fuging is due largely to the damage and aggregation 
which the less stable sap constituents suffer on 
repeated sedimentation. This does not, of course, 
render the technique any the less valuable, as the 
majority of the substances which it is desired to 
remove have sedimentation velocities much larger 
or much smaller than the viruses. It is, however, 
unlikely that any satisfactory fractionation could 
be made of two viruses with sedimentation constants 
differing only to the extent that, say, those of tobacco 


mosaic (s=1938.) and bushy stunt (s=132S.) ° 


viruses do. To what extent the viruses are affected 
by this treatment is at present uncertain, but 
Price & Wyckoff (1938) have reported damage to 
tobacco mosaic virus and cucumber viruses 3 and 4 
due to this cause. 

In a centrifuge where convection is partly sup- 
pressed, it is theoretically possible to effect some 
further fractionation, but the chances of this being 
done in practice are remote. In an ultracentrifuge 
where the sedimentation can be observed optically, 
however, considerable fractionation could be 
achieved. 

Another point of interest is that geometrically 
similar centrifuges, running with the same angular 
velocity, are equally efficient irrespective of the 
gravitational fields. 
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SUMMARY 


The use of an electrically driven Sharples super- 
centrifuge for isolating viruses is described. The 
theory of sedimentation in such centrifuges is dis- 


« 
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cussed and curves of the theoretical minimum sedi- 
mentation rates are given. The probability that 
convectionless sedimentation cannot take place in 
high-speed preparative centrifuges is discussed in 
relation to the theory of ‘differential centrifugation’. 
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NOTE ON THE SIZE OF THE SHOPE RABBIT PAPILLOMA VIRUS 


By ROY MARKHAM, KENNETH M. SMITH anp DOUGLAS LEA 
Plant Virus Research Station, Molteno Institute and Strangeways Laboratory, Cambridge 


Since writing our recent review (Markham, Smith 
& Lea, 1942) on the sizes of viruses and the methods 
employed in their estimation, another virus has 
been added to the list of those concerning which we 
have concordant information by so many different 
methods that conclusions as to the size and shape 
and degree of hydration can be drawn with some 
confidence. This is the Shope rabbit papilloma 
virus, electron micrographs of which have been 
published by Sharp, Taylor, Beard & Beard (1942), 
and for which data on diffusion, sedimentation, 
density and viscosity have been published by 
Neurath, Cooper, Sharp, Taylor, Beard & Beard 
(1941). These data may be worked up by the 
formulae given in our review, and this note will 
serve to illustrate the convenience of our formulae 
for such purposes. 

The electron micrographs show that the virus is 
spherical or nearly spherical. We therefore use the 
formulae of our § VII (Case 3, sedimentation and 
diffusion constants known), with the following 
numerical data drawn from the work of Neurath et 
al, (1941). All errors indicated are standard devia- 
tions based on the mutual consistency of repetition 
observations and do not allow for the possibility of 
systematic errors: 


899 = 278°3 + 1-6 x 10-1, 
Dy; = 665 + 0-13 x 10-8, 
Dy = 5:80 + 0-12 x 10-8, 


V, (partial specific volume of the unhydrated virus 
at 20° C.)=0-754. 


p (density of water at 20°C.)=0-9982. V,p=0-7526. 
1 — Vpp=0-2474. 


Inserting these figures into the formulae, the 
numbering of which is here the same as in our 
review, we obtain 


whence 


Diameter of unhydrated virus particle 
Vo 


2r, = x 10-5 
= Vop) 


=48-3+0-3 mp. 


(16) 
Molecular weight of unhydrated particle 


‘8. 
M, = 2-438 x 10% 47.34 1-0 x 108, 
Do (1— Vop) 
(15) 


Diameter of hydrated particle 


—13 
Day 
Molecular weight of hydrated particle 

8 2-429 x 10-14 
M=2- 1910 = 136+ 
2-438 x 10 Di, 36+7 x 108 
(11) 


Partial specific volume of hydrated particle 


V ={p+ 1-002 x 10% D2, .,}-!=0-916 + 0-004. (12) 


Degree of hydration in solution (i.e. number of 
grams of water combined with 1 g. of unhydrated 
virus) 


w= 0-998 x 10-24 


20°20 


Vop=1-88 + 0-11. (14) 


The electron micrographs gave a mean diameter 
for the virus of 44-6 + 1-6 mu. The standard devia- 
tion we attach is deduced from the mutual con- 
sistency of the repetition measurements made by 
Sharp et al. but does not allow for any systematic 
error inethe diameter of the tobacco mosaic virus 
which Sharp et al. used to determine the magnifica- 
tion of their microscope, and for which we have 
assumed the value 15-2 my (Bernal & Fankuchen, 
1941). The agreement between 44-6+1-6 my by 
electron microscopy and 48-3 + 0-3my must be con- 
sidered good in view of the fact that the stated 
standard deviations do not make any allowance for 
systematic errors. 

As the virus is spherical the degree of hydration 
may also be derived from the viscosity measure- 
ments. Neurath e¢ al. found that the viscosity 
increment of a solution of the virus was propor- 
tional to the virus concentration at low concentra- 
tions, n/n being 1-062 for a solution containing 1% 
of unhydrated virus by weight, i.e. 0-754% by 
volume. Using Einstein’s (1911) equation: 


n/No — 1 = 2-5G = 2-5G,(1+w/Vop), 


where G, is the volume of unhydrated virus per unit 
volume of virus solution, we have 


0-062 = 2-5 x 0-754 x 10-2(1+ w/Vop), 


whence w= 1-73 g. of water per g. of unhydrated 
virus. 
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This agrees satisfactorily with the figure 
1:88+0:11 arrived at from the sedimentation and 
diffusion data. Evidently, provided that allowance 
is made for hydration, the Einstein viscosity equa- 
tion may be applied correctly to spherical viruses. 
We believe this to be the first time that this equa- 
tion has been shown to hold for protein or virus 
suspensions, although it has been used quite 
frequently to suggest that proteins and viruses 
deviate from the spherical shape; e.g. Neurath et al. 
deduce from their data that the rabbit papilloma 
virus has an axial ratio of about 7: 1. 

Eirich, Bunzl & Margaretha (1936) have verified 
the Einstein equation for the case of model suspen- 
sions, containing microscopic glass spheres, etc. 

We see therefore that the data available are 
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satisfactorily consistent. We summarize the know- 
ledge concerning this virus as follows: 

The virus is spherical or nearly spherical. Un- 
hydrated it has a diameter of 48my and molecular 
weight of 47 million. In solution it hydrates to the 
extent of 1-8 g. water per g. of unhydrated virus, 
causing its diameter to increase to 73my, its mole- 
cular weight to 136 million, and its partial specific 
volume to 0-916. 

The filtration end-point of this virus corresponds 
to an ‘average pore diameter’ of about 72my 
(Schlesinger & Andrewes, 1937). The factor relating 
(hydrated) particle diameter to the ‘average pore 
diameter’ of gradocol membranes is thus 1-0, con- 
firming our previous conclusion that the factor 
which has been used hitherto is too small. 


Nevuratu, H., Cooper, G. R., SHarp, D. G., Taytor, 
A. R., Bearp, D. & Brearp, J. W. (1941). J. Biol. 
Chem. 140, 293. 

ScHLESINGER, M. & ANDREWEs, C. H. (1937). J. Hyg., 
Camb., 37, 521. 

SuHarp, D.G., Taytor, A. R., Bearp, D. & Bearp, J. W. 
(1942). Proc. Soc. Exp. Biol., N.Y., 50, 205. 


13-2 


§ 
Age 


[ 180 ] 


A NEW CESTODE OF THE GENUS GRILLOTIA FROM A SHARK 


By GWENDOLEN REES, Pu.D., D.Sc., Department of Zoology, 
University College of Wales, Aberystwyth 


(With 7 Figures in the Text) 


The following is a description of a new species of 
Grillotia from the intestine of Hexanchus griseus 
(Gmelin) caught on the Porcupine Bank in July 
1939 (Rees & Llewellyn, 1941). Unfortunately, only 
two specimens were obtained, but, as it is unlikely 
that any more will be available for some time to 
come, it was thought advisable that the species 
should be put on record. The scolex includes some 
distinctive characters, but the strobila in both 
worms was immature, so that no description of the 
arrangement of the genitalia can be given beyond 
the position of the genital pore and the approximate 
number of testes. 

Many species of Tetrarhynchs have been de- 
scribed, but an examination of papers by Guiart 
(1927, 1931, 1935), Pintner (1913, 1927, 1928, 1931), 
Southwell (1924, 1929, 1930), Linton (1924), 
Dollfus (1929, 1930, 1935), and others shows no- 
thing which agrees with the present species. 
According to Guiart’s classification (1927), the 
worm falls into the genus Grillotia Guiart, of the 
family Eutetrarhynchidae. It does not agree with 
any described species of the genus, and so from the 
covering of small spines on the scolex it is named 
Grillotia acanthoscolex n.sp. Another species of 
Grillotia, G. institata (Pintner, 19316), has been re- 
corded from Hexanchus griseus in the Mediterranean 
near Naples, according to Joyeux & Baer (1936). 
This is, however, quite different from the present 
species. 

Scolex. The scolex (Fig. 1) measures about 1-8mm. 
in length, with a maximum breadth of 0-49 mm. It 
is divisible into pars bothridialis, pars vaginalis and 


pars bulbosa, the relative lengths of which are 0-46, . 


0-83 and 0-55 mm. respectively. There are two 
bothridia, one dorsal and one ventral, which are set 
slightly at an angle to one another so that their 
anterior extremities approximate. They are sessile, 
0-4 mm. in diameter, more or less circular in outline 
with a notch posteriorly. Behind the bothridia the 
scolex narrows so that the anterior part of the pars 
vaginalis measures 0-26 mm. in diameter. It gradu- 
‘ally widens posteriorly to a diameter of 0-41 mm., 
and still more in the pars bulbosa, where the 
maximum diameter of 0-49 mm. is reached. The 
entire surface of each bothridium and the greater 
part of the scolex is covered with minute back- 
wardly directed spines. Posteriorly they terminate 


at a level about halfway down the pars bulbosa. 
There is also a small area atthe anterior extremity 
of the scolex which is devoid of spines. In the 
covering of spines the species resembles T'entacularia 
spinulifera (Southwell, 1911) from Rhynchobatus 
djidensis, Ceylon, but differs from it in practically 
all other features. There are four protrusible pro- 
boscides which open two dorsally and two ventrally 
in front of the bothridia. The area enclosed by their 
apertures is the area devoid of spines. 

Proboscis. Each proboscis consists of a muscular 
bulb, a proboscis sheath and an armed proboscis 
provided with a retractor muscle (Figs. 1-5). The 
proboscis bulbs (Figs. 1 (p.b.), 4 and 5) are at the 
base of the scolex. They measure 0-55 x 0-142 mm. 
and are oval in outline. The thickness of the wall 
varies slightly with the degree of contraction and is 
composed of a number of muscle lamellae arranged 
in two oblique series which cross one another. The 
lumen of the bulb contains a fluid in which lies the 
retractor muscle. This is inserted at the base of the 
bulb, unlike that of Grillotia institata. The proboscis 
sheath, or non-evaginable portion of the proboscis, 
is a clear tubular structure which extends from the 
apex of the bulb forwards through the pars vagi- 
nalis and pars bothridialis to the apex of the scolex. 
It is longer than the pars vaginalis and is therefore 
thrown into a loop near the bulb. The protrusible 
portion of the proboscis is very long, longer than 
the proboscis sheath, so that when fully invaginated 
the apica! region of the proboscis is withdrawn into 
the bulb for some distance by the contraction of the 
retractor muscle, a rather unusual circumstance 
(Fig. 5). The withdrawn portion is thrown into a 
loop in the anterior half of the lumen of the bulb, 
the posterior region being occupied by the retractor 
muscle only. It is doubtful whether the whole pro- 
boscis is ever completely evaginated, as the hooks 
at its tip are small and rudimentary (Fig. 5, 8.h.). 

Proboscis armature. The proboscis is armed with 
hooks of different kinds. They are arranged spirally 
around the proboscis, similar series of hooks being 
repeated at intervals along the whole length, except 
for the portion at the tip already mentioned and for 
a short distance at the base, where the hooks prob- 
ably cannot function because of the proximity of 
the bothridia (Figs. 1-3). The arrangement of each 
series of hooks is as follows: When the proboscis is 
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viewed from the outer lateral surface (Fig. 2) three 
large hooks can be seen projecting from its inner 
margin. These are labelled A, B and C in Figs. 2 
and 3. A is a rather characteristic hook, measuring 


p.l.e.m, 


d.t.m. 
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0-008 mm. On the opposite margin is another group 
of three hooks, D, E and F. Hooks D and £ are 
simple and measure 0-015x0-002 and 0-021 x 
0-009 mm. respectively. F is the largest of the 


a.e.m. 
a.l.m. 


p.e.m. 


Fig. 1. Grillotia acanthoscolex. Lateral view of scolex showing bothridia, proboscides and musculature. 


0-34 mm. in length and 0-0127 mm. in breadth at the 
base. It is broad for almost the whole of its length, 
narrowing suddenly near its tip to end in a small 
recurved point. Hooks B and C are simple in shape 
and measure respectively 0-42 x 0-008 and 0-40 x 


three, measuring 0-20 mm. in breadth at the base 
and 0-20 mm. in height. It is sharply curved and 
possesses a characteristic ‘shoulder’ on the lower 
part of the inner concave edge. On the side of the 
proboscis which faces its partner, either dorsally or 
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Figs. 2-5. 


Grillotia acanthoscolex. Evaginated 
Evaginated proboscis, inner view. 
Proboscis bulb with posterior extrinsic muscles. 

Proboscis bulb in optical section showing retractor muscle, 


proboscis showing arrangement of hooks, outer lateral view. 


myoblasts and invaginated apex of proboscis. 
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ventrally, the arrangement is much simpler (Fig. 3). 
Close to hook F and a little more proximally placed 
is a large hook, G, and close to A is another some- 
what similar hook, H. These eight hooks constitute 
the large hooks of each series. At the base of the 
proboscis the arrangement is much simpler, owing 
to the reduction in size and number of the large 
hooks (Figs. 2, 3). The surface between the hooks is 
covered with much smaller spines, but these are 
absent on the inner side at the base. In the in- 
vaginated proboscis the groups of hooks in each 
series are easily seen. Here they point forward and 
are repeated at regular intervals along the whole 
length (Fig. 5). 

Retractor muscle of proboscis. The proboscis re- 
tractor muscle (Fig. 5, p.r.) originates at the base 
of the muscular bulb and passes forward through 
its lumen. It consists of a bundle of fibres varying 
in length and breadth according to the degree of 
contraction. Distally the fibres of the retractor are 
inserted in the invaginated tip of the proboscis. 
Around the point of origin of the retractor muscle is 
a cushion-like mass of myoblasts (my.). These are 
continued forward as a strand along the lateral 
border of the muscle and then along the sides 
of the invaginated proboscis to the apex of the 
bulb. 

Musculature of bothridia. The bothridia are not 
very sharply demarcated from the parenchyma of 
the scolex, especially anteriorly (Fig. 1, 6.). Each 
bothridium consists mainly of radial muscle fibres 
which are better developed marginally (Fig. 6, 7.m.). 
Beneath the cuticle covering the surface is a layer of 
delicate longitudinal fibres. These are considerably 
enlarged on the concave side of the bothridium, 
forming a band running longitudinally down the 
centre to the notch on the posterior margin (Figs. 1, 
6, b.l.m.). Contraction of these deepens the notch. 
The bothridium is limited internally by delicate 
transverse fibres (Fig. 6, t.m.); anteriorly its boun- 
dary is formed by two series of transverse muscles 
(Fig. 1, a.t.m.), the contraction of which results in 
a ridge being formed between them. A band of 
tangential muscle fibres (Fig. 6, tan.m.) running 
parallel with the suctorial surface of the bothridium 
is present about halfway along its depth. These are 
inserted on the integument of the lateral margin. 
Internally they form part of the limiting layer. 

Extrinsic muscles of bothridia. (i) Anterior longi- 
tudinal extrinsic muscles. The median band of longi- 
tudinal muscles which passes up the centre of each 
bothridium becomes continuous with its partner 
apically, so that the anterior extremity of the 
scolex contains a well-developed band of dorso- 
ventral fibres passing from the dorsal to the ventral 
bothridium (Fig. 1, a.l.e.m.). Contraction of these 
fibres approximates the anterior extremities of the 
bothridia. 


(ii) Posterior longitudinal extrinsic muscles. These 
are formed from the longitudinal muscles of the 
strobila in the lateral regions. Longitudinal muscle 
bundles coming up from the strobila undergo a pro- 
found change on entering the scolex. In the dorsal 
and ventral fields they form the posterior extrinsic 
muscles of the proboscides (Fig. 1, p.e.m.) and in the 
lateral fields the posterior longitudinal extrinsic 
muscles of theebothridia (Figs 1 and 7, p.l.e.m.). 


These latter form a dorso-lateral and a ventro- 


lateral band on each side of the scolex measuring 
0-2 mm. in diameter and consisting of about twelve 
fibres. They run forward, one dorsal and one ven- 
tral to the excretory vessels on either side. Ante- 
riorly the fibres of each bundle spread out fan-wise ~ 
(Fig. 1) and are inserted on the dorso-lateral or 
ventro-lateral surface of each bothridium near the 
posterior margin, where it is connected with the 
scolex. Contraction of these muscles draws back 
the posterior ends of the bothridia and brings 
them into a position more or less parallel to one 
another. 

Oblique lateral extrinsic muscles. The bothridia 
are connected laterally by two series of oblique 
fibres which cross one another. These fibres are 
best developed in front of the point of attachment 
of the posterior longitudinal extrinsic muscles 
(Fig. 1). 

Extrinsic muscles of proboscides. (i) Posterior 
extrinsic muscles. These are formed from the longi- 
tudinal muscle-bundles of the strobila in the dorsal 
and ventral regions. On emerging from the strobila 
the dorsal and ventral bundles separate into two 
dorsal groups and two ventral groups, one of which 
is connected with each proboscis-bulb. The fibres of 
which the bundles are composed turn inwards at 
varying levels to be inserted on the muscular bulb 
along the whole of its length from the point where 
the sheath arises to its base. In the anterior part of 
the bulb, that is, the part occupied by the apical 
region of the invaginated proboscis, the muscles are 
inserted on the dorsal or ventral surface respectively 
(Figs. 1 and 4, p.e.m.), and in the posterior region 
occupied by the retractor muscle they are inserted 
more laterally. In this region also, some of the 
inner fibres pass round the inner side of the pro- 
boscis bulb almost to meet the outer ones laterally 
(Fig. 4). The region therefore is nearly completely 
encircled by muscles. Contraction of these pos- 
terior muscles probably helps to narrow the cavity 
of the bulb fairly rapidly and so enables the pro- 
boscis as a whole to function more efficiently. The 
anteriorly placed muscles probably serve to main- 
tain the bulb in position during protrusion and with- 
drawal of the evaginable portion. 

(ii) Anterior extrinsic muscles. There are four 
groups of anterior extrinsic muscles (Fig. 1, a.e.m.) 
passing between the two dorsal and between the 
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two ventral proboscis sheaths and between the 
dorsal and ventral sheaths of each side near their 
apertures. Their contraction probably controls the 
size of the apertures of the sheaths during pro- 
trusion and retraction of the proboscides. 

General musculature of scolex. (i) Superficial longi- 
tudinal muscles. A delicate layer of superficial longi- 
tudinal muscles is present beneath the basement 
membrane (Figs. 1, 7). Deeper longitudinal bundles 
are not present as such in the scolex, having become 
modified to form some of the extrinsic muscles of 
the bothridia and proboscides. 

(ii) Deep transverse muscles. Narrow bands of 
transverse muscles occur at intervals fairly deeply 


0-54 mm.), and then longer than broad, measuring 
1-2 x 0-67 mm. The genital atrium lies a short dis- 
tance behind the middle of the lateral margin, and 
the genital pores are irregularly alternating. There 
are approximately 150 testes; the female genitalia 
were rudimentary and so could not be examined in 
detail. 


DIAGNOSTIC CHARACTERS OF 
GRILLOTIA ACANTHOSCOLEX N.SP. 


Scolex 1-8 mm. long; bothridia 0-4 mm. in diameter, 
large, rounded, with a notch posteriorly. Scolex 
and bothridia covered with small backwardly- 


Figs. 6-7 
Fig. 6. Grillotia acanthoscolex. Transverse section of bothridium near anterior end, showing main musculature. 


Fig. 7. Transverse section of pars vaginalis of scolex. 


seated in the tissues of the scolex (Figs. 1 and 7, 
d.t.m.). They lie inside the longitudinal extrinsic 
muscles of the bothridia and outside the pro- 
boscides. In the pars bothridialis they are con- 
tinuous with the muscles which demarcate the both- 
ridia internally. They are best developed in the 
pars vaginalis and are rather delicate in the ‘pars 
bulbosa. 

Strobila. The length of the complete specimen is 
about 10 mm. Following the scolex is a short neck 
0-17 mm. long x 0-3 mm. wide. The early segments 
are very short, measuring 0-076 mm. long x 0-367 
mm. wide. They gradually enlarge posteriorly until 
they are at first nearly square in outline (0-5 x 


directed spines. Proboscides armed with hooks of 
different kinds arranged in series. Base of pro- 
boscis armed with smaller hooks. Retractor muscle 
originates at the base of the bulb, the point of 
origin being surrounded by a ‘cushion’ of myo- 
blasts from which a strand runs forward to the 
apex of the bulb. Bulb 0-55 mm. long; apex of pro- 
boscis withdrawn into the cavity of the bulb during 
retraction. Segments longer than broad; genital 
atrium in the posterior half. Testes about 150. 


The writer is indebted to Dr H. A. Baylis for 
helpful suggestions and for the loan of a paper by 
Dollfus (1929) otherwise unobtainable. 
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Key to lettering of figures 
All drawings are semi-diagrammatic and have been simplified for clarity. 


ae.m. anterior extrinsic muscles of proboscis; a.l.m. 
anterior longitudinal extrinsic muscles of bothridium; 
at.m. anterior transverse muscles; 6. bothridium; 
b.l.m. longitudinal muscles of bothridium; d.e.v. dorsal 
excretory vessel ; d.t.m. deep transverse muscles; h. hooks; 
i. insertion of retractor muscle; l.m. longitudinal muscles; 
ml. oblique muscle layers of bulb; my. myoblasts; 


n.c. nerve cord; p. protrusible proboscis; p.b. proboscis 
bulb; p.e.m. posterior extrinsic muscles of proboscis; 
p.l.e.m. posterior longitudinal extrinsic muscles of both- 
ridium; p.r. proboscis retractor muscle; p.s. proboscis 
sheath; r.m. radial muscles; s.h. small hooks at apex of 
proboscis; t.m. transverse muscles; tan.m. tangential 
muscles; v.e.v. ventral excretory vessel. 
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1. INTRODUCTION 


In 1930, Pool, Brownlee & Wilson showed by trans- 
mission experiments that louping-ill, an encephalo- 
myelitis of sheep, was an infective disease. Shortly 
afterwards, the sheep tick, Ixodes ricinus L., was 
proved to be the carrier of louping-ill (MacLeod & 
Gordon, 1932). This brought a generations’ old con- 
troversy to an end, and gave impetus to the bio- 
logical study of the pest with a view to its possible 
control. The chief contributions since then have 
been made by MacLeod (1932, 1934, 1935a,b, 1936, 
1939 a,b), who concentrated principally on an 
ecological study of the tick in the laboratory. In 
the present work, attention has been directed ex- 
clusively to field ecology. A large mass of numerical 
data has been collected, and full use of condensing 
statistical methods has been made (Milne, 1943). 

The main facts of the sheep tick’s life history can 
be summarized as follows: 

The sheep tick inhabits the ‘rough’ vegetation of 
hills and moors. It is a three-host tick, with a long 
list of wild and domestic hosts, the most important 
of the latter being sheep and cattle. The female lays 
about 2000 eggs deep down in the vegetation. The 
tiny larva hatches out and climbs in favourable 


weather to the tips of the vegetation from which it 
transfers itself to a passing host, gorging for 3-5 
days before it drops to the ground where it de- 
velops and maults to the nymph stage. The nymph 
repeats this performance but feeds for 4-6 days. 
Both males and females develop from nymphs. The 
male does not feed but fertilization takes place on 
the host. The female has the same host-seeking 
method as the nymph and larva but takes 7—11 days 
to complete engorgement. Shortly after dropping 
to the ground she begins to lay eggs. In this 
country, the life cycle of Ixodes ricinus, provided it 
secures a host with the minimum of delay, is 14 
years. Each unfed stage can survive for at least a 
year, probably longer, while awaiting a host, so that 
the cycle may be extended to 4} years. The tick’s 
activity on hosts is seasonal, and according to 
MacLeod (19396) the ‘Temperature and humidity 
both exercise a controlling effect, the former limit- 
ing its periods of activity, the latter its local distri- 
bution.’ Since the present paper is concerned with 
distribution and since activity will be dealt with in 
a later paper, there is no need to go into the details 
of activity-temperature control here. ‘In its free- 


living phase, the tick is very sensitive to humidity 
..under summer conditions of temperature, the 
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unfed tick requires for survival (in vitro) an aqueous 
vapour tension equivalent to over 80 % saturation, 
and the gorged tick 85 % saturation or over for de- 
velopment, and 80% or over for oviposition.’ 


2, TICK SPECIES INFESTING FARM STOCK 


The present study has been confined to the northern 
province of England which includes the counties of 
Northumberland, Cumberland, Westmorland and 
Durham. Examination of several thousands of 
ticks, from sheep and cattle on farms distributed 
over the tick-infested areas of the northern province, 
has shown that only one species, Ixodes ricinus L., 
infests sheep and cattle here. Sheep dogs and foxes, 
on some of the infested areas of Northumberland 
(.e. areas infested with sheep tick), were found to 
be carrying both J. ricinus L. and I. canisuga 
Johnston, while in an uninfested area, Upper 
Coquetdale, I. canisuga alone was found on a fox. 
The failure of the layman to distinguish between 
these two ticks has resulted in a certain amount of 
confusion as to the true distribution of J. ricinus. 
Throughout the remainder of this paper, ‘ticks’ will 
refer to I. ricinus only. 


3. DISTRIBUTION OF IXODES: RICINUS IN 
THE NORTHERN PROVINCE 


As judged by their presence on sheep and cattle, 
sheep ticks infest roughly 800 sq. miles of the four 
northern counties of England. Ticks occur almost ex- 
clusively in the hilly regions, but a few infestations 
have been found in lowlying country on the edge of 
salt marshes. The distribution is markedly discon- 
tinuous even in the hilly regions (cf. Fig. 1), for the 
various infested areas, distributed over the four 
counties, include at most only about one-fifth of the 
hilly country. 


4. DISTRIBUTION IN RELATION TO 
SURFACE GEOLOGY 
(i) Methods 

On this question, the writer had the help of Mr 
W. Anderson, of the Geological Survey, who re- 
cently, over a period of 14 years, remapped the 
surface geology of north-west Northumberland. 
Mr Anderson supplied a simplified map of the area 
showing surface geology together with notes on 
natural drainage, soil types and vegetation. His 
notes on vegetation correspond with the writer’s 
observations. 

The distribution of farms in the categories ‘tick- 
infested’ and ‘tick-free’ was first mapped roughly 
by means of a questionnaire sent to farmers and by 
information from veterinary surgeons. This was 
then checked by the examination of sheep and 
cattle on farms in ‘key’ positions during the seasons 
of tick activity, by interviews with neighbouring 
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farmers, shepherds and gamekeepers and by 
samples of ticks (if present) from stock sent in by 
the latter. Although quite a number of farms were 
visited where the stock was completely tick-free, an 
odd tick was occasionally found on some of the 
stock in an alleged tick-free area. Since certainty 
of the absence of ticks on a farm could only be 
attained by the examination of all the stock at the 
height of the season of tick activity, it must be 
made clear that ‘tick-infested’ implies a maximum 
seasonal infestation of 30-100 female ticks per one 
sheep (see Milne, 1943, for method of counting), 
while ‘tick-free’ implies either the complete 
absence of ticks—which is generally the case, or, 
occasionally, a maximum of 1-2 female ticks per 
ten sheep. Infestations coming between these cate- 
gories in weight of numbers are very few, occurring 
on farms on which spread has recently taken place; 
these are included in the category ‘tick-infested’. 

An Ordnance Survey Map will show that the 
whole of the area (north-west Northumberland) in 
Fig. 1 limited by the line PQ in the east and by the 
border of the county in the west is richly dotted 
with farms. In Fig. 1 a x denotes the position of 
a farm (steading) where ticks are present and a CQ 
absent. With the exception of the land lying on 
either side of the headwaters of the North Tyne, 
which, there is good reason to believe, could be 
filled out with x ’s, the remaining bare areas west of 
line PQ are occupied by tick-free farms. 


(ii) Surface geology with notes on natural drainage, 
soil and vegetation ; tick distribution 


Soil types, drainage and vegetation depend in 
some measure upon the surface geology which in 
Northumberland is chiefly a matter of the distribu- 
tion of the glacial deposits. These deposits cover 
most of the county, but vary from a few inches to 
scores of feet in thickness. They may consist of stiff 
plastic clay (yielding bad drainage) or sand and 
gravel (yielding good drainage), or of a mixture of 
these materials in any proportion; and, where thick 
and extensive, they mask the effects of the under- 
lying rocks. The glacial deposits are thicker and 
more widespread in the lowlying eastern portion of 
the county than in the hilly regions of the west, 
where considerable stretches are free from such 
material. North-west Northumberland is essentially 
a hilly district, its surface lying almost wholly be- 
tween 1000 and 2000 ft. contours. Geologically the 
region can be divided into two portions, area I con- 
sisting entirely of igneous rocks, and area II of 
stratified sedimentary rocks (see Fig. 1). 


Area I. Area I is particularly free from glacial de- 
posits and consists of a central region of about 20 sq. 
miles of granite surrounded by some 160 sq. miles of 
lavas with subordinate ash beds. The granite occurs as 
a low flattened dome, subarea 1 B, reaching 2676 ft. o.p. 
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at the Cheviot. Subarea 1B is nowhere deeply eroded 
excepting Harthope Burn), and being flat-topped, in 
the cloud-belt, and peat-covered (some of it 30 ft. deep), 
it is consequently wet. Thus it is characteristically a 
region with bad natural drainage and a poor peaty soil. 
The grazing, chiefly heather, is ‘rough’. Subarea 1B is 
tick-infested. This is not shown in Fig. 1 owing to the 
fact that it is not the grazings but the farm steadings 
only which are recorded. The grazings of several farms 
jn subarea 1A extend well into subarea 1B. The re- 
mainder of area I consists of lavas with subordinate 
ash beds. The lavas are andesites of a remarkably uni- 
form character, but almost everywhere highly decom- 

, shattered or jointed; being, in addition, deeply 
dissected by the tributaries of the Coquet and Breamish, 
they give rise to an excellent natural drainage. The 
grazing is relatively good, not ‘rough’. Exceptional to 
this are the College Valley (subarea 1A) and Hazleton- 
rigg (subarea 1C), regions where thick boulder clays, 
with attendant bad drainages, lie, giving rise to ‘rough’ 
grazings. Subareas 1A and 1C are tick-infested. The 
remainder of area I, with the exception of subarea 1B 
mentioned above, is tick-free. 


Area II. Area II consists of sandstones and shales in 
varying proportions together with beds of limestones in 
certain districts. Shales are impervious and weather 
into clays, sandstones are pervious and break down into 
sands. The only Silurian rocks within the county occur 
at subarea IID. They are predominantly hard shales, 
but are so steeply inclined, well-jointed and deeply dis- 
sected that their crop marks a region of good, drainage 
and grazing. Subarea IID is tick-free. 

Apart from subarea IID, the sedimentary rocks in 
north-west Northumberland are all of Lower Carboni- 
ferous Age. Within area II, the following groups, in 
descending order of age, are present: 


Group 4. Lower Limestone group. 1000 ft. thick. 
Sandstones, shales and limestones. 

Group 3. Scremerston Coal group. 1000-2000 ft. 
Chiefly shales with some sandstones and thin coals. 

Group 2. Fell Sandstone group. 1000 ft. Almost 
entirely grits and coarse sandstones. 

Group 1. Cementstone group. 500-2000 ft. Shales 
with some sandstones and thin cementstones. 


Broadly speaking, the -carboniferous strata (area IT) 
dip away from the volcanic region (area I), i.e. the above 
groups occur in belts parallel with the boundary of the 
lavas, the oldest being nearest the latter rocks. Groups 1 
and 3, consisting largely of shales, give rise to heavy clay 
lands. Group 2, although it may be regarded as a very 
thick bed of sandstone with an excellent drainage, is so 
devoid of shales that it carries little or no soil, and is so 
hard that it has resisted weathering to form the fells of 
the county. The surfaces of these Fell Sandstone regions 
are generally a wilderness of crags and sandstone where 
only the coarsest vegetation (‘rough’) can find a living, 
as, for example, Harbottle and Simonside Fells and the 
country between the Rede and the North Tyne. They 
reach their maximum development in the region im- 
mediately south of area I, and occupy the valleys of the 
Coquet, Rede and North Tyne down to Rothbury, 
Otterburn and Bellingham respectively. 

Thus area II is in general either ill-drained naturally, 


or has such a poor soil that the grazings are ‘rough’. 
Area IT is tick-infested—with the following exceptions: 

The Lower Limestones, or group 4, occupy the ground 
north and east of Otterburn, subarea IITA. Although the 
drainages of these hilly patches are only slightly better 
than elsewhere in Redesdale, the grazing appears to have 
been cgnsiderably improved by the presence of the 
numerous beds of limestones which give rise to better 
soil and drainage. Subarea IIA is tick-free. 

The strata of group I in that section of Coquetdale 
between Sharperton and Thropton, subarea IIB, also 
carry thick beds of limestones which have improved the 
soil and grazing within the district. Subarea IIB, a 
unique limestone region, has a bigger percentage of 
limestones than subarea ITA. Subarea IIB is tick-free. 

Exception must. also be made of the group I strata 
which occupy the whole of the Breamish-cum-Till valley, 
subarea ITC. Here they are covered by thick deposits 
of sand and gravel which give rise to excellent drainage 
and good grazing. Subarea IIC is tick-free. The only 
other section of sand and gravel worthy of note is much 
smaller and stretches for three miles eastward of 
Elsdon village. This section is, of course, included in 
subarea ITA above. 


It must be pointed out that the terms ‘good’ and 
‘rough’ as here applied to hill grazings are relative. 
A ‘rough’ grazing is composed chiefly of rank, 
matted, bent-type grasses, or old heather, both with 
or without bracken—all of poor nutritional value. 
A ‘good’ grazing may have the same species com- 
position but is much less or not at all rank and 
matted, and usually contains in consequence a 
higher proportion of the sweeter, more nutritious 
grasses which are largely smothered in the ‘rough’ 
type of grazing. 


(iii) Conclusions on surface geology 
and tick distribution 

It has been shown that in the tick-infested 
regions, i.e. subareas IA, IB, IC and area II with 
subareas excepted, the natural drainage is, with one 
exception, bad. The exception occurs in the Fell 
Sandstone parts of area II, but here the soil is so 
poor, containing no clays, that only the roughest 
vegetation can grow. 

There are no exceptions to the observation that 
in the tick-infested regions the grazing is ‘rough’, 
while in the tick-free regions it is ‘good’. Under the 
present systems of hill management, ‘roughness’ is 
almost invariably the outcome of poor drainage and/ 
or poor soil, both of which factors are inherent in 
the surface geology. Thus it is clear that surface 
geology, as affecting ultimately the vegetational 
cover, exercises control on tick distribution. Some- 
times this control is very striking, e.g. all the farms 
from Otterburn to the headwaters of the River 
Rede are heavily infested with the exception of 
those lying within the bounds of subarea IID. One 
farm, lying completely within this subarea, was 
found, on examination of sheep, to be completely 
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tick-free in early April; another, lying half in and _ geology lends itself to relatively good natural drain. 
half out, yielded, at the same date, a total count of age and soil, the grazing is relatively good and ticks 
five female ticks on twenty ewes for the section are absent; and where surface geology results in 
lying within subarea IID and 154 ticks on twenty _ relatively poor natural drainage and/or soil, the 
ewes for the section lying outside this subarea. grazing is relatively poor (‘rough’) and ticks are 
There is no boundary fence between the two sec- present. 
tions of the latter farm. The relation between sur- 
face geology and tick distribution, however, is not 5, DISTRIBUTION IN RELATION TO SOIL 
always so clear-cut as in the case cited. There are 
a few anomalies as Fig. 1 reveals. These anomalies, (i) A comparison of infested and uninfested farms 
where small, are to be expected because local varia- Soil samples were taken on thirty-three tick-in. 
tions in the surface geology are bound to occur  fested and forty-two uninfested farms in the four 
where the classification of areas and subareas is as northern counties. Sampling was confined to the 
Table 1 
(a) pH 
pH class limits 3-8-4:0 44-46 4-7-4-9 5-0-5-2 5-3-6-0 Means Ranges ingl 
No. of samples: 
Tick-infested 9 15 16 ll 17 12 4 4-41 3-6-5:3 
Tick-free ll 19 14 18 16 9 5 4-40 3-5-6-0 
(b) % available P,O,; 
P,O; limits 0-005- 0-011- 0-016- 0-021- 0-026- 0-031- 0-036- Ranges in § 
0-010 0-015 0-020 0-025 0-030 0-035 0-085 Means P,0, 
No. of samples: 
Tick-infested 11 16 16 9 14 8 9 0-022  0-005-0 
Tick-free 12 15 12 15 13 9 16 0-025 0-006-0-6 
(c) % available K,O 
% K,Oclasslimits 0-006- 0-011- 0-016- 0-021—- 0-026- 0-031- 0-036- 0-041- Ranges in 9 
0-010 0-015 0-020 0-025 0-030 0-035 0-040 0-110 Means K,0 
No. of samples: 
Tick-infested 8 15 ll 13 10 ll 6 10 0-027 0-007-0:1 
Tick-free 6 9 18 15 14 5 6 12 0-028 —0-006-0- 
(d) Soil texture 
Description Peat Light Medium Medium-heavy 
No. of samples: 
Tick-infested 39 ° 24 13 2 
Tick-free 41 24 19 3 
broad as in the present study. There is one very ‘hill’, i.e. hill, fell, moor or common, which com- 
obvious anomaly, however, which demands more prises about 90% of a hill-sheep farm proper. On 
detailed consideration: this is the relative absence each. hill adequate samples were collected from 
of ticks in that strip of area II which lies north of ‘white land’ (rough grasses predominating), ‘black 
Rothbury and next to line PQ. Here farming is_ land’ (heather predominating), bracken land and 
more intensive than on the ‘ranches’ of the higher bogland, according as these occurred in sufficient 
regions of area II south and west, and the farmer proportion. Practically all samples were taken 
has to some extent supplied the deficiencies in sur- during one ‘spring’ tick season. Routine analysis 
face geology by paying more attention to drainage of the samples was carried out by the soil chemistry 
and the production of better grazing. department of King’s College. 

This work is not as complete as could be desired, The x* test of homogeneity (Fisher, 1941, par. 21) 
yet it shows a significant degree of correlation be- may be applied to the data grouped as in Table 1. 
tween tick distribution and certain factors in- Since for (a) x?=2-120, p.r.=5, for (b) x?=3-729, 
herent in or influenced by surface geology in north- D.¥F.=6, and for (c) x*= 6-683, D.F.=7, it is obvious 
west Northumberland. Generally, where surface that there is no ‘association’ between the distribu- 
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tion of ticks and soil pH, or available phosphates or 
available potash. In short, so far as the fertility 
indices are concerned, there is no difference be- 
tween tick-infested and uninfested hill land. 

Further, since for (d) x?=0-9, D.F. = 3, it is clear 
that type of soil texture on the hill lands studied 
bears no relation to tick distribution. 

(ii) Comparison within a ‘tick gradient’ 

Four hills well fenced off from each other, and 
situated more or less in a line north and south, pro- 
vided a tick gradient in the College Valley area of 
Northumberland: (1) Hetha (south), (2) Ewe Hill, 
(3) Westnewton Hill, (4) Kilham Hill (north). 

Tick counts on sheep in 1940 were made as in 
Table 2. No comparable counts were made at the 
time on the Ewe Hill, but it is now known to be 
more heavily infested than Hetha. 


Table 2. Average number of female ticks per Cheviot 
hogg (10 hoggs per group) 


Hetha Westnewton Kilham 
Date (1940) Ticks Ticks Ticks 
5 April 33-2 0-8 —_— 
12 April 83-4 2-4 — 
25-26 April 65-9 1-1 0-0 
2-4 May 65-1 0-5 _ 
16 May 11-0 == 0-0 


From Table 2, and from shepherds’ evidence it is 
concluded that Hetha and Ewe Hill have very 
heavy infestations, Westnewton Hill a very light 
infestation, and Kilham Hill* is tick-free. On all 
four hills there are two main types of vegetation: 
(1) rough grass, chiefly white bent; (2) bracken and 
rough grass, the former predominating; type (1) 
and type (2) are present in the approximate propor- 
tions of 3: 2 respectively. Soil samples were taken 
well distributed over all aspects of these hills 
(Table 3A, B). 


Table 3A. Soil analysis 


Soil analysis 
% available 
Vegeta- % loss on 
tion Hill pH P.O; K,0 _ ignition 

Bracken Hetha 4:92 0-0275 0-0227 12-936 

and Ewe 4:67 0:0340 0-0271 14-430 

rough West- 4:35 0-0361 0-0309 14-260 
grass newton 

Kilham 4-81 0-0228 0-0312 12-984 

Rough Hetha 5:02 0:0292 0-0165 10-234 

grass Ewe 5-05 0:0277 0-0143 13-770 

only West- 4:69 0-0334 0-0243 15-872 
newton 

Kilham 5-32 0-0248 0-0213 12-278 


* 1942: found average of less than | tick per hogg on 
Kilham (spread). 


~ 
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Table 3B. Mechanical (soil) analysis 


% composition 


Soil under bracken Ewe Westnewton Kilham 

and rough grass on... Hill Hill Hill 
Coarse sand 23-48 21-86 23-36 
Fine sand 21-86 22-02 21-12 
Silt 16-43 16-42 16-55 
Clay 18-15 18-18 17-40 
Moisture 4:86 4-22 4:90 
Carbonates Nil Nil Nil 
Loss on solution 2-48 2-50 2-20 
Difference due to 12-74 14-80 14-47 


organic matter 


Comparison with the data in Table 1 shows that in 
every case the values of pH, P,O, and K,O fall 
within the ranges for tick-infested farms. Further, 
there is no correlation between tick distribution and 
organic content of the soil (loss on ignition) which 
affects moisture content. As for mechanical ana- 
lysis, the soils are practically the same. Thus no 
correlation between tick distribution and soil com- 
position is evident in this gradient. 

A further gradient comparison was made on the 
one farm which contains both Hetha and the Ewe 
Hill. Both of these hills have been infested long 
enough for their tick populations to have become 
normal for their type. Four large plots were marked 
out on the rough grazings, two each on two hills: 


Hetha: Plot 1. Rough grass (dominant). 
Plot 2. Bracken (dominant) with 
rough grass. 


Ewe Hill: Plot 3. Rough grass (dominant). 

Plot 4. Bracken (dominant) with 

rough grass. 
Plots 1 and 3, and plots 2 and 4 have roughly the 
same vegetation composition. Each is uniform as 
to surface of vegetation layer (important in blanket 
sampling for ticks; see Milne, 1943), and all are 
approximately at the same height on south-facing 
aspects of the two hills which are themselves ad- 
jacent. The plots are not fenced off from the general 
grazing in which they lie. The individuals of each 
pair of plots are adjacent; and each is 400 x 150 yd., 
the long side being horizontal. Stocking densities, 
i.e. area x sheep, are similar on both hills. 

Tick population density on the plots has been 
estimated by the ‘simultaneous’ blanket-dragging 
method for nymphs (Milne, 1943), in the spring 
seasons of activity 1940, 1941 and 1942. According 
to this method, three 50 yd. blanket drags per day 
are made simultaneously on all the plots to be com- 
pared and on a number of days spread over March, 
April, May and June. In 1940, plots 1 and 2 were 
compared on 16 days; in 1941, plots 2, 3 and 4 were 
compared on 33 days; and in 1942, plots 1, 2, 3, and 
4 were compared on 23 days. The statistics from an 
analysis of variance are shown in Table 4. 
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Table 4. Mean number of nymphs per 50 yd. drag 
in four plots and the standard error of the means 


Mean no. of nymphs per 50 yd. drag as 
Year Plot1 Plot2 Plot 3 Plot 4 of means 
1940 0-375 2-229 +0-48 
1941 — 3-454 10-880 13-150 +0°85 
1942 0-188 2-189 5-131 5-131 +0-58 


It is clear that the data show no significant dif- 
ference between plots 3 and 4, but the differences 
between combinations of other pairs of plots in 
their respective years are significant. The descending 
order of nymphal population densities is therefore: 
plots 3 and 4 have similar densities, which are the 
highest; plot 1 has the least density; and plot 2 is 
intermediate in density. The soils of the four plots 
were subjected to an analysis identical with that 
shown in Table 3 A, B for the first gradient dis- 
cussed. This analysis need not be given here for 
there was no gradient in any of the soil charac- 
teristics which was correlatable with the tick popu- 
lation density gradient. Indeed the soils were 
substantially similar. The perpendicular distance 
from surface to ‘hard pan’ was then estimated by 
measuring on a point picked at random every 10 yd. 
on equally spaced longitudinal lines on each plot. 
This depth was measured as having some influence 
on the moisture-holding capacity (drainage) of the 
soil. The distribution of soil depths is approximated 
by the normal distribution. The data are sum- 
marized in Table 5. 


Table 5. Soil depths 


No. of ob- Range Mean 8.D. 

Plot servations in. in. in. 
1 72 2-20 8-964 3-526 
2 72 0-12 5-639 3-233 
3 72 4-29 14-778 6-050 
4 72 0-23 11-555 5-440 


From Table 5 it may be calculated that the dif- 
ference between the means of any pair of plots is 
statistically significant. Obviously there is no con- 
sistent correlation between soil depths and tick 
density on the four plots. When vegetation type is 
considered, however, it is clear that the bracken 
plot with the deeper soil (4) has a denser tick popu- 
lation than that with the shallower soil (2); 
similarly with the grass plots, plot 3 being deeper in 
soil and denser in tick population than plot 1. 


(iii) Conclusions on soil and tick distribution 


No consistent correlations between soil charac- 
teristics—i.e. the fertility indices, mechanical ana- 
lysis and soil depth—and tick distribution have 
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been found. But soil characteristics, among other 
factors, influence the character of the vegetation 


layer. 


6. DISTRIBUTION IN RELATION 
TO VEGETATION 


(i) Classification of vegetation types 


The hill lands of the northern province may be 
classified as (i) ‘white’, ¢ii) ‘black’, or (iii) ‘mixed’, 
according as they consist chiefly of rough grasses 
(i), heather (ii), or a mixture of these two (iii), 
Bracken has encroached enormously on all three 
types. The rough grasses are chiefly bents. Thus the 
dominant plants on hill grazings are the. bents, 
heather and bracken. There are also areas, small in 
comparison with the areas delimited by the above 
broad classification, where cottongrass or rushes are 
common. It will be noted that, with the exception 
of young heather and cottongrass, the plants men- 
tioned are of comparatively little use to sheep. 


(ii) Dominant plant species on tick-infested and 
tick-free grazings 
137 tracts of land, varying from 100 to 20,000 
acres and randomly distributed over the tick- 
infested and tick-free areas of the northern pro- 
vince, are classified as black, white or bracken in 
Table 6, according to plant dominance. 


Table 6. Type of land (plant dominant) 


Black White Bracken 

tracts tracts tracts 
Tick-infested "18 26 14 
Tick-free 31 32 16 


These data give the impression that bracken 
lands tend more to be infested than white, and white 
than black. There is, however, no statistical signi- 
ficance in the differences in proportion: taking all 
three, x? = 1-0, p.¥F. = 2; and taking black and bracken 
lands only the corresponding figures are 0-8 and 1. 

Forty-seven tick-infested and forty-six tick-free 
‘white-land hills’ randomly distributed over the 
northern province were examined for dominant 
species of grasses (Table 7). A hill may be entirely 


Table 7 
47 tick- 46 un- 
infested infested 
Grass species hills hills 
Common bent (Agrostis spp.) 31 32 © 
White bent (Nardus stricta) — 33 34 
Flying bent (Molinia caerulea) 20 +5 
(42-6 % of hills) (10-9 %) 
Bullfaces (Aira caespitosa) 9 3 
(19-2 %) (6-5 %) 
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dominated by one species, or have two or more 
large areas differently dominated. Thus in the table 
each hill may be entered 1—4 times according as 
one or more of the grass species covered an area 
sufficiently large. 


N In the case of flying bent, x?= 11-9, and p.F.=1; 
in the case of bullfaces, the corresponding figures. 
are 3-1 and 1. Thus common and white bents are 
equally common on tick-infested and tick-free white 

wr be | land, while flying bent tends to be more common 

nixed’, J on infested white land, and bullfaces possibly 
grasses similarly. 

o (iii). | Both ticks and the six plants mentioned above 

1 three (bracken, heather and the four grasses) are more or 

hus the } jess rare in the lowlands (arable). Thus ticks are 

bents, confined to hill lands which are dominated by these 
mall in } six plants. But on hill lands, ticks are not limited 
above by these dominants because, as Tables 4 and 5 show, 
hes are | tick-free farms may have the same dominants as 
eption | infested farms. Under the conditions of farm 

S men- 


management generally prevailing in the hills, all six 
ep. plants tend to produce ‘mat’. This mat-producing 
property appears to be least in heather and greatest 


and in bracken, flying bent and bullfaces. With this 
there is just the faintest hint of a correlation in the 
20,000 fact that more tick-free hills were found with 
. tick. 4 heather dominant and fewer with flying bent and 
n pro bullfaces than was the case with infested farms. 
ken in | 1°wever, the hint is too weak to suggest more than 
that possibly physical character of the vegetation 
layer is important as a limiting factor. 
) 
acken (iii) Tick density distribution in relation to 
acts types of vegetational cover 
zz The density of tick population on different types 
of vegetational cover was sampled by means of the 
racken | Planket-dragging method (Milne, 1943) for nymphs. 
iwhite | 02 48 days in the spring tick season of 1940, 326 
“signi- drags were made, totalling 16,300 yd. dragged on 
ing all | ™° hill of a typical heavily infested farm. The types 
racken | °f Vegetation sampled were all equally accessible to 
and 1. | the sheep stock. The drags on each type were all 
1k-free | °qally well distributed over the spring season of 
activity, but since they were not all ‘simultaneous’ 
sine (cf. Milne, 1943) on each type, full details of counts 
atirely | *° not given in Table 8. It is thought, however, 
that the data are sufficient to give an approximate 
idea of the relative density distribution on this 
hill. 
fom 4 Table 8 shows that, on the hill sampled, density 
hills distribution is correlated to the thickness or ‘rough- 
32° ness’ of the vegetation layer, nymphs being more 
34 numerous the thicker the vegetation layer. Quite 
5 apart from bad drainage, the thicker the vegetation 
9%) | layer the damper it is towards the soil in the height 
3 of summer. It should be mentioned that type 1 
‘5%) | sward is represented by relatively small areas on the 


Parasitology 35 


A. MILNE 


hill sampled : ticks may only be found there because 
they are continually being brought on by sheep 
from the much larger rough areas surrounding. 
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Table 8. Numbers representing relative population 
densities of nymphs on different vegetational types 
as shown by blanketing throughout the ‘spring’ 1940 
season of activity 


Relative 
population 
densities 
Type of vegetation of nymphs 
Thin vegetation Type 1. Short sward of 1-0 
layer hill-top, or sheep lair 
(not ‘rough’) 
Vegetation layer Type 2. White bent 2-2 
of intermediate (Nardus); well grazed 
thickness 
Thick vegetation Type 3. Mixed bracken 4-6 
layer (‘rough’) and white bent 


Type 4. Mixed herb- 6-1 
age including rushes, 
wood sorrel, bilberries, 
moss, etc. 

Type 5. Very damp; 
ill-drained situations, 
usually dominated by 
rushes 


5-4 


It is interesting to compare the findings, by 
similar method, of Cameron and his co-worker in 
the south of Scotland in 1939 (1941, unpubl. 
report). In Table 9 ‘rush’ is Juncus communis and 
‘spret’ J. articulatus. 


Table 9. Percentages of ticks occurring on the vege- 
tational types of Scottish hill pastures from March 
to October 1939 (Cameron, 1939; reported in 
Cameron, 1941) 


Vegetational type % 
1. Rush 26-00 
2. Nardus-Molinia 18-19 
3. Bracken 15-46 
4. Sheep’s fescue 13-25 
5. Spret 12-90 
6. Burnt heather 10-15 
7. Heather 2-76 
8. Sheep’s lair 1-31 
100-02 


In later observations, the present writer found 
that very ‘rough’ Nardus-Molinia or Nardus-Aira 
could be almost as densely populated as bracken. 
In general, however, it was found that bracken was 
more densely popylated than the rough grasses. 
Cameron (1941) found the opposite. If it is not 
simply that the bracken was in such a state of 
growth that it caused the blanket to ‘ride’ (see 
Milne, 1943) and hence not sample the bracken area 
properly in the case of Cameron’s work, then the 
probable reason for this discrépancy will emerge in 


- 14 


- 
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etation 


the next section. In view of the indication (see 
§ (ii) above) that ticks are less often found where 
heather is dominant in the northern province, 
Cameron’s placing of heather at the lower end of his 
scale of tick densities is interesting confirmation. 
Heather does not form so much of a mat as rough 
grass or bracken. 


(iv) Tick density distribution in relation to 
thickness of mat 

Observations of mat depth were carried gut on 
the four plots mentioned in § 5 (ii) in connexion 
with soil depth. On rough grazings, there is in- 
variably a ‘mat’, a layer of decaying vegetable 
matter, lying next the soil. The depth of this mat is 
not easy to measure because neither the upper nor 
lower limit is cleanly defined: the fragments of 
herbage composing the mat are loosely interwoven 
at the top, becoming compressed on going deeper, 
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year was reached. The latter, in late May and early 
June, when the observations were made, is lying 
horizontally and already interwoven with the top 
surface of the mat. 

The distribution of mat depth values on any one 
plot is again approximated by the normal curve. 
The data are summarized in Table 10. 

Since clumps and hollows are approximately 
evenly interspersed on a 50/50 basis, since ticks 
therefore have an even chance of being dropped on 
a clump or in a hollow, and since ticks are not 
suspected of travelling horizontally for more than 
a few inches, much less than half the shortest axis 
of clump or hollow, it was decided to study the 
quantity $(4+B) (also approximately normally 
distributed), i.e. the average mat depth in relation 
to tick population density. The mean mat depths 
for }(A+B) on plots 1, 2, 3 and 4 are respectively 
1-248, 2-290, 3-150 and 3-058 in. (Table 10). For 
the pairs of plots 1 and 2, 2 and 3, 2 and 4, the dif. 


Table 10. Mat depths 


No. of 

Plots Subject observations 
(i) Clumps (A) 40 

=. Hollows (B) 40 
(iii) 4(A+B) 40 
(iv) Clumps (A) 40 

2 (v) Hollows (B) 40 
(vi) 4(A+B) 40 
(vii) Clumps (A) 40 

3 (viii) Hollows (B) 40 
(ix) 3(A+B) 40 
(x) Clumps (A) 40 

4 (xi) Hollows (B) 40 
(xii) 4(A+B) 40 


until they grade into the soil almost as a peat. 
However, the observations were all made by the 
one observer (the writer) in as standard a method as 
possible before population densities were known, and 
to this extent they are dependable for comparison. 

In the cases of plots 2, 3 and 4 it was noted that 
although they were each uniform as a whole, the 
vegetation was distributed in ‘clumps’ and ‘hol- 
lows’, about 50/50 and more or less evenly inter- 
spersed. The clumps were rank and had a deeper 
mat; the hollows were of very much shorter vegeta- 
tion and had a shallower mat. On plot 1, the surface 
of the vegetation was much smoother. Samples of 
mat depth were taken, as in the case of soil depth, 
at every 10th yard where mat.depth of a random 
clump and hollow both were measured. An ordinary 
foot rule with a sliding scale projecting 2 in. on 
either side of the rule was pushed down through the 
parted vegetation and mat until its end rested on 
the soil. The slide was then lowered until the general 
surface of the withered vegetation of the previous 


Range Mean S.D. 
in in. in in. in in. 
0-7-2-2 1-335 0-43 
0-4-2-0 1-133 0-40 
0-65—1-80 1-248 0-28 
1-5-5-4 3-150 0-87 
0-0-3-1 1-428 0-60 
0-75-3-15 2-290 0-50 
2-0-9-3 5-100 1-60 
0-5-2-7 1-468 0-58 
1-50-5-20 3-150 0-79 
3-0-7-0 4-110 0-84 
1-0-4-0 2-035 0-69 
2-20-4-85 3-058 0-54 


ference between means is significant in each case; 
but for the pair 3 and 4, the difference is not signi- 
ficant. The same is true of the significance of dif- 
ferences in the case of means for nymphal densities 
on the plots (see § 5 (ii)); and the mean nymphal 
density is highest on plots 3 and 4, less high on 
plot 2, and lowest in plot 1 (Table 4). 

A further comparison was made between plot 3 
and a new plot (5) in 1942. These are adjacent on 
the Ewe Hill. Plot 3 is rank rough grass with mean 
mat depth already shown (Table 10); plot 5 is of the 
sheep lair type, i.e. resembling a lawn with grass 
1}-2 in. long, and a remarkably uniform mat, if it 
may be so called, varying from }—1 in. in thickness. 
Simultaneous triple drags were made on the two 
plots on 22 days distributed over April, May and 
June. The mean difference per drag on the two 
plots was 4-97 nymphs in favour of plot 3, while 
t= 4-325 with 21. 

It is therefore clear that there is a consistent 
positive correlation between mat thickness and tick 
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population density on the five plots studied, i.e. the 
thicker the mat, the denser the tick population. 


(v) Conclusions on vegetation and tick distribution 


The same plant dominants occur on tick-infested 
and tick-free hill lands. In the section on surface 
geology it was shown that where grazing is re- 
latively good, ticks are invariably absent; where 
grazing is rough ticks are usually present. The latter 
is true whether the dominant plant is one of the 
rough grasses, bracken or heather. Observations on 
asmaller scale show that the thicker (rougher) the 
vegetation layer, the denser the tick population. 
Now the rougher the vegetation the thicker the 
basal mat, and on five plots it is shown that there is 
a consistent positive correlation between mat thick- 
ness and tick population density within the limits 
shown by the data—the thicker the mat the denser 
the tick population irrespective of whether grass or 


bracken is the dominant. Thus the chief controlling. 


factor in tick distribution is the physical character 
of the vegetation layer. 


7. DISCUSSION 


In § 6 (v) it was said that ‘where grazing is rough 
ticks are usually present’. This qualification arises 
from the fact that there are some rough grazings 
in which ticks are absent where, according to the 
present findings, they could be present. Without at 
present going into the complexities of tick-spread, 
the writer believes that the latter grazings have 
become suitable for ticks comparatively recently 
and that ticks have not so far had the opportunity. 
to arrive and colonise. 

It has been shown that the character of the 
vegetation layer is a prime controlling factor in 
tick distribution. The conditions which control 
character of vegetation layer in hill country are: 
surface geology with its dependent factors of soil 
type and natural drainage; artificial drainage; hill 
management including grazing practices, burning 
and manurial treatments, etc. The nature of the 
vegetation layer is an index of the sum of all these 
conditions, and should make it possible to delimit 
potential tick-maintaining areas in the hill-lands 
which are at present tick-free. 

As to why ticks should be confined to rough 
grazings and absent on good grazings, it has been 
inferred, chiefly from MacLeod’s laboratory findings 
on humidity requirements, that it is the perennial 
dampness under a rough vegetation layer which is 
the controlling factor. 

The annual fall of withered stems, leaves o 
fronds produces an underlying layer which has high 
moisture-holding capacity. Strictly speaking, the 
term ‘mat’ is applicable only to the layer occurring 
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in grassland. In brackenland, it is called ‘litter’. 
Being evergreen, heather produces very little under- 
lying layer and, being more open than the other 
two types, would provide a less damp habitat for 
ticks but for the fact that there is generally present 
at the base much more of the damp-holding mosses, 
and, occasionally, peat. The latter must partly 
make up for the lack of mat. 


8. SUMMARY 


The present findings apply to a particular area, the 
four northern counties of England, and must be 
viewed within the limits of the data presented. 

Only one tick, Ixodes ricinus L., the so-called 
sheep tick, infests sheep and cattle in northern 
England. I. canisuga Johnston, alone or with 
I. ricinus, has been found on sheep dogs and foxes. 

The distribution of the sheep tick in this region 
is markedly discontinuous, the total infested areas 
including only about one-fifth of the hilly country, 
to which the tick is*almost exclusively confined. 

In north-west Northumberland, tick distribution 
shows a significant degree of correlation with certain 
factors inherent in or influenced by the surface 
geology. Broadly speaking, where surface geology 
lends itself to relatively good natural drainage and 
soil, the grazing is relatively good and ticks are 
absent; and where surface geology results in rela- 
tively poor natural drainage and/or soil, the grazing 
is relatively poor (‘rough’) and ticks are present. 

No consistent correlations between soil charac- 
teristics—i.e. pH, available phosphates and potash, 
soil textures, mechanical analysis and soil depth— 
and tick distribution have been found. Nor is there 
a consistent correlation between quality of natural 
drainage and tick distribution. The interaction of 
soil and natural drainage factors, however, pro- 
foundly influences the character of the vegetation 
layer. 

In the four northern counties, the same plant 
dominants occur on tick-infested and tick-free hill 
lands. Where grazing is rough ticks are usually 
present irrespective of whether the dominant plant 
is one of therough grasses (Nardus, Molinia, Agrostis, 
Aira), bracken or heather ; where grazing is relatively 
good (i.e. not rough), ticks are invariably absent. 

Observations on a smaller scale show that the 
thicker, i.e. rougher, the vegetation layer, the 
denser the tick population and also the thicker the 
vegetation layer, the thicker the basal mat. On five 
plots it has been shown that there is a consistent 
positive correlation between mat thickness and tick 
population density: the thicker the mat, the denser 
the tick population irrespective of whether bracken 
or grass is the dominant. Thus the chief controlling 
factor in tick distribution is the physical character 
of the vegetation layer. 
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THE DEVELOPMENT OF SYMPTOMS, PARASITIC INFECTION 
AND IMMUNITY IN HUMAN SCABIES 


By KENNETH MELLANBY, Sorby Research Fellow of the Royal Society 


(With 5 figures in the Text) 


INTRODUCTION 


It has already been shown (Johnson & Mellanby, 
1942) that it is possible to determine the magnitude 
of the population of Sarcoptes on the body of a case 
of scabies with some degree of accuracy. Figures 
have been given showing the number of adult 
female parasites (the ‘parasite rate’) on patients 
examined at a treatment centre. In the present 
paper an account is given of the ways in which the 
parasite rate increased (or decreased) during very 
long periods (up to 265 days) of infection with the 
disease. This study was only made possible by the 
services of human volunteers who submitted to 
these infections. In all, twenty-four men, all 
pacifists, voluntarily allowed themselves to be sub- 
jected to these long-term infections. A further 
thirty-two volunteers, of both sexes, some members 
of the services, some civilians and some pacifists, 
allowed themselves to be subjected to infection for 
shorter periods. 

It will be shown below that in scabies not ofily 
does the presence of the parasite have its effects on 
the host, but the reactions of the host play a most im- 
portant part on the way in which the parasitic in- 
fection develops, for this, to a large extent, de- 
termines whether the mites will increase in numbers 
rapidly or otherwise, and under certain circum- 
stances the host’s reactions are such as to give rise 
to a virtual immunity. I believe it can be shown that 
these facts give us at least a partial explanation of 
the fluctuating incidence of the disease, which is at 
times (as at present) epidemic, and at others com- 
paratively uncommon. 


TRANSMISSION 


Sarcoptes from one case of scabies are transferred 
to an uninfected individual, and if the parasites 
establish themselves then a new case of clinical 
scabies is eventually produced. It has already been 
shown that while infection may occasionally take 
place through the intermediary of inanimate objects 
(clothing, bedding, etc.) which have been used by 
a scabies patient, transmission is much more often 
dependent on personal contact, and the more pro- 
longed and intimate the contact the more likely is 


the parasite to be transmitted (Mellanby, 1941, 
1942, 1943). 

Sarcoptes goes through several stages—egg, six- 
legged larva, nymph—before reaching the adult 
form in a total period of 8 or 10 days, and theoreti- 
cally any of the stages might be responsible for 
transmission. I believe that it is as a rule the 
fertilized adult female whose transference gives rise 
to the disease. This stage has the advantage that it 
can lay viable eggs without any further interven- 
tion from the male; at least two immature indi- 
viduals of opposite sexes would be necessary to set 
up a permanent infestation, and it would be neces- 
sary for them to mature and meet at the correct 
time for fertilization. Experimental work shows 
that immature stages are unlikely often to transmit 
the disease and that a single fertilized female will 
readily do so. Finally, definite proof has been ob- 
tained that adult female mites have transferred 
themselves from cases of scabies to uninfected 
volunteers who have slept with them. 

On six occasions batches of eggs numbering from 
three to twenty were removed from the burrows on 
cases of scabies and placed on the skin of uninfected 
volunteers. The eggs were kept in position by a 
small ring of vulcanite and protected by a bandage 
until they hatched. In noné of these cases was an 
infection produced. Numbers of larvae were also 
transferred on seven occasions, and in no case was 
an infection established. These few experiments do 
not prove that infection by eggs or larvae is im- 
possible, but they do suggest that these are not the 
normally infective stages. : 

More satisfactory evidence on the unlikelihood of 
immature stages transmitting the disease has been 
obtained in a more indirect manner. It has been 
shown that in cases of scabies with a low parasite 
rate (i.e. ten or under) it is often possible to cure the 
patient merely by finding the adult female parasites 
and removing them, leaving untouched all the un- 
hatched eggs and immature stages (see Johnson, 
1942). Now there must be left on the body quite a 
large number of eggs and immature mites, and it is 
most unlikely that an uninfected person will ever 
pick up anything like so large a number, so that 
these stages will seldom give a permanent in- 
festation. 
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Immature stages, if sufficiently numerous (i.e. in 
numbers far greater than could conceivably be 
picked up by a previously uninfected person), can 
set up an infection, for in patients with a higher 
parasite rate than about ten removal of the adult 
females does not effect a cure, for sufficient im- 
mature stages reach maturity to cause the disease 
to continue. Later in this paper it will be shown 
that in the development of Sarcoptes there is always 
a very great wastage of immature stages, and unless 
these are numerous there is little chance of any 
reaching the adult form. A single fertilized female 
may, however, produce up to three eggs a day for 
more than 40 days, and here there is a much greater 
chance that some at least of its offspring will reach 
maturity. 

I have always produced experimental cases of 
scabies in human volunteers by one or other of two 
ways. In the first, adult female parasites were re- 
moved from patients and placed on the body of the 
volunteer. In every case where this was done to an 
individual who had never before been infected 
with the disease (what happens in reinfections is 
discussed below, see p. 201) provided that no treat- 
ment was given, then typical clinical scabies 
developed eventually. In the second method volun- 
teers were infected by sleeping together in bed with 
an infected person, and the picture given by the 
developing disease was here precisely the same as 
that found when the infection was made by the 
direct transference of adult Sarcoptes. This suggests 
that it is most likely that it is adult female mites 
which are picked up by personal contact. 

It has not been possible in anything like all cases 
of ‘natural experimental infection’ (i.e. infection by 
personal contact) to trace the mites in the new cases 
for a good many days after the start of the experi- 
ment, but on three occasions adult females in 
burrows have been found within 48 hr. of the first 
contact. It would have been impossible for any 
immature stage to have been transformed into an 
adult female in this time, so there is no doubt that 
on these occasions this stage is responsible for trans- 
mission, and probably it is responsible in the vast 
majority of cases. 

From a study of the life history it appears 
probable that it is often the young adult female, 
newly fertilized, which spreads the disease, for this 
stage wanders about the skin before making a 
burrow; she usually finds one of the normal ‘sites 
of election’ before beginning to tunnel, and it is 
likely that in close personal contact the creature 
would be transferred to the skin of a new victim. 
On the other hand, it is not impossible that older 
females may sometimes cause transmission. Once 
a Sarcoptes has started its burrow it will not usually 
come out voluntarily, but often, as a result of 
scratching, the skin is damaged and the burrow 


disturbed. This damage may kill the parasite, but 
sometimes it escapes and mites scratched out of 
burrows have been recovered on other parts of the 
skin. If such a mite wanders about on its original 
host it could very easily be transferred to his 
contacts. 

It was recently suggested (Johnson & Mellanby, 
1942) that from the epidemiological point of view 
the small number of cases of scabies with very high 
parasite rates might be more important than the 
much larger number with low parasite rates. It is 
difficult to prove this completely and to obtain data 
which will withstand statistical analysis, but the 
following information may throw some light on the 
subject. 

Experimental work referred to above showed that 
it was comparatively difficult to transmit scabies 
through the medium of inanimate objects such as 
bedding. The first series of experiments, which were 
all negative, was made before we had arrived at 
methods for estimating accurately the parasite rate, 
but it may be assumed that the patients used as 
sources of infection were approximately a normal 
sample as regards the intensity of their infestation. 
Later, 300 experiments were made in which bedding 
used less than 24 hr. previously by cases of scabies 
with parasite rates between 20 and 50 (nearly 90% 
of cases have a lower parasite rate) was used by un- 
infected volunteers, and transmission took place in 
four instances only. With very high parasite rates 
of over 200 (these would represent less than 0-5% 
of normal cases) only ten experiments were made, 
and evidence of transmission was obtained on three 
occasions. These experiments suggest that it is only 
these very severe infestations which are at all likely 
to give transmission except by personal contact. 

In this connexion, mention may be made of our 
experiences at the Sorby Research Institute where 
for over two years infected and uninfected people 
have lived together. For a period of 18 months, 
when as a rule more than half of a total household 
of twenty persons was infected, with most indi- 
viduals showing parasitic infections higher than the 
average but not higher than 50, no infection of 
‘controls’ or of visitors who mixed freely with the 
infected volunteers, took place. Later, when two 
volunteers showed for a month rates of well over 
200, two cases of infection arose in the control 
population. I believe that if cases have a very low 
parasite rate, say 5 or under, it is most unlikely that 
they will transmit scabies except to someone who 
sleeps together with them night after night. Indi- 
viduals with parasite rates between say 20 and 50 
will readily transmit the disease to someone who 
sleeps with them, but they will rarely infect bedding 
and will be of little danger during ordinary social 
contacts. The very small proportion of cases with 
very high parasite rates, on the other hand, are 
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capable of passing on the disease in many ways, and 
to sleep with such a person is a practically certain 
way of becoming infected, though a much more 
transient contact may easily cause the disease to be 
picked up. 
Incidentally, though a fresh infection may some- 
times be picked up from bedding and clothing used 
by the small proportion of scabies cases with very 
high parasite rates it is still unnecessary to disinfect 
these people’s bedding and clothing when their 
scabies is treated, for sufficient medicament persists 
on the skin for a good many hours to kill any para- 
sites with which it comes in contact and garments 
which may be infectious are rendered innocuous. 


THE DEVELOPMENT OF EXPERIMENTAL 
INFECTIONS 


In the majority of experiments described below 
infection was achieved by the direct transference 
of parasites removed from scabies cases. As men- 
tioned above, the infection obtained in this way was 
indistinguishable from one produced in the more 
natural manner of contact with an infected person. 
In order to be able to observe the early processes of 
infection easily the majority of volunteers were in- 
fected on the flexor aspect of the wrist at the start, 
mites being confined in gauze-topped vulcanite 
rings 1 cm. in diameter, until they had entered the 
cuticle. A number was, however, infected on other 
sites (chest, belly, thigh, etc.), and they gave final 
results which were indistinguishable from those in- 
fected on the wrist. All cases gave a distribution of 
parasites which conformed more or less closely to 
the typical distribution found in unselected patients 
examined at a treatment centre..The distribution of 
parasites in a case of clinical scabies thus gives no 
evidence as to the primary sites of infection. 

The results in this section are based on a very 
large number of infections. In all, fifty-six human 
volunteers gave their services. Of the volunteers 
twenty-four sustained infections for periods of over 
50 days, many of them for over 100 days and several 
for over 200 days. In all, forty-five such long infec- 
tions were studied on these twenty-four volunteers. 
The remaining thirty-two volunteers had very 
numerous infections, but these were all controlled 
and never allowed to develop into the stage of wide- 
spread clinical scabies. Human volunteers were in- 
fected with Sarcoptes on many hundreds of occa- 
sions in the whole series of experiments. 


(a) The first infection suffered by a human being 


Fifty-six volunteers have been infected with 
Sarcoptes and to the best of my knowledge fifty-five 
of them had never had scabies before. One uniform 
result was obtained with these fifty-five cases and 
that was, that for the first few weeks the volunteer 
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felt no irritation and no erythema surrounded the 
region of the burrows. The host was quite unaware 
of his parasites, though these could easily be de- 
tected by careful examination of the skin with a 
lens or a binocular microscope. 

Twenty-four of the volunteers continued their 
first infection for at least 50 days, and several went 
on for three or four times as long. They were care- 
fully examined at frequent intervals and the para- 
site rate noted from time to time. During examina- 
tion the mites were not disturbed except that those 
on the penis and scrotum were usually removed in 
order to cut down the chances of developing 
secondary infection on those areas. These mites on 
the genitalia were considerably less than 10% of 
the total population, and I do not think their re- 
moval would have any marked effect on the picture 
of infection. 

It was difficult to decide just how soon the 
itching, which is so typical of scabies, developed, 
particularly as most of the volunteers were aware 
of the location of their parasites and so a transient 
itch in an infected area was probably sometimes 
more or less of a subjective phenomenon. Four 
volunteers were infected, so that they developed 
general clinical scabies, by mites which escaped 
when we were attempting to set up a mere. local 
infection, and these people, who did not themselves 
know they had scabies, developed symptoms which 
agreed closely with those of the volunteers who were 
consciously aware of their infection. These four only 
gradually became aware of their infestation on 
account of the irritation which developed after 
several weeks. 

There was a rough agreement between all the 
volunteers. For the first month of infection either 
absolutely no symptoms were noticed or there was 
only a transient irritation—much less than that 
caused by insect bite—and no erythema occurred 
either. After a month symptoms began to appear, 
and at about 6 weeks the irritation was usually suf- 
ficient to cause some disturbance of sleep. The 
volunteers mostly agreed that before this date, if 
they had not been preoccupied with scabies, the 
symptoms were such that they would previously ~ 
have considered them insufficient to cause them to 
seek medical attention. After this there was a good 
deal of individual variation, and in some volunteers 
the itching, etc., grew progressively worse, so that 
after 100 days it was practically continuous and 
nearly unbearable—so much so that the sensations 
felt at 6 weeks to 2 months in retrospect seemed 
almost negligible. In general then the symptoms 
were as follows: About a month with practically no 
irritation, then a period of a further month when 
the irritation started and got progressively worse, 
so that in almost every case after 6 weeks (or occa- 
sionally as much as 10 weeks) of infection, all the 
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‘pruritis characteristic of clinical scabies had 
developed. 

The growth of the parasite population showed a 
number of interesting features. Practically every 
mite which burrowed into a person who had never 
had scabies before could be identified in its burrow 
for 5 or 6 weeks and burrows several centimetres 
long were common. Incidentally, earlier workers 
have sometimes counted all the éggs, hatched and 
otherwise, in a burrow and thus estimated the 
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month elapsed. This indicates once again what a 
great wastage there is during development, for 
examination of the burrows shows that most 
females start egg-laying almost as soon as they have 
burrowed into the cuticle. 

After a month had elapsed the mite population 
started to increase, and Fig. 1 shows the parasite 


rate for four volunteers infected for the first time - 


with Sarcoptes. It will be seen that there was con- 
siderable variability and irregularity but there are 
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Fig. 1. Changes in the number of adult female parasites in four individuals 
infected for the first time with scabies. 


fertility of the female. Such estimates are bound to 
be on the low side because the normal regeneration 
of the horny layer is sufficient to replace the older 
parts of a burrow and its eggs while the anterior end 
still contains a living, tunnelling and egg-laying 
mite. 

From our knowledge of the life history of Sar- 
coptes we might expect to find the first adults of the 
second generation appearing within 10-14 days of 
infection. This apparently does not occur. The 
earliest date on which I detected a new female mite 
was the 21st day and in the majority of cases a 


certain points in common to all the individuals. 
The highest levels reached were achieved between 
the 80th and the 115th days in these cases, and the 
value of the peak parasite rate varied between 50 
and 381. After reaching a peak, in all cases the in- 
tensity of infestation declined steeply. Unfortu- 
nately, it was not considered practicable to con- 
tinue any of these infections further than here 
depicted, as it was not wished to do any permanent 
damage to the volunteers who, by the end of these 
experiments, though willing to continue if neces- 
sary, were developing septic lesions which might 
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have had serious effects. I think that there is little 
doubt that a further continuation of the infection 
would have seen a considerable decrease in the 
number of parasites, with in all probability a 
further increase in the lesions on the skin. The 
reasons for this will be discussed in a later section 
of this paper. 

The itching only manifests itself when the patient 
becomes sensitized to Sarcoptes. Sensitization does 
not apparently require the continued presence of 
many mites. Volunteers who had no general infec- 
tion and only a few Sarcoptes in controlled burrows 
on restricted areas of skin still developed a general- 
ized sensitization in about the same time as others 
with more widespread parasites. One volunteer, 
infected for the first time by me, gave an intense 
reaction similar to that described in the subsequent 
section. He denied having had scabies, but had 
some years previously had an itching dermatitis 
which had been treated with a ‘yellow ointment’; 
I think it ‘is safe to assume that he had actually 
suffered from infection with Sarcoptes. 


(b) Subsequent infections in a human being 

When volunteers, who already had a generalized 
infection of scabies, were cured and then reinfected 
the course of the disease was completely different. 
The first most noticeable feature was that within 
24 hr. of the mites entering the skin the volunteer 
was usually fully aware of their presence, due to 
more or less intense local irritation; also an obvious 
patch of erythema usually surrounded the acarus 
and sometimes the whole area formed a pronounced 
weal. It has been mentioned in the previous section 
that when mites entered the skin of a person who 
had not been infected before, the vast majority 
could be followed, by a careful examination of the 
skin, for weeks; this was not the case in a later in- 
fection. The majority of the mites which could be 
found after 24 hr. had disappeared within a couple 
of further days. This disappearance was connected 
with the intense skin reaction. First, this caused 
irritation, and the finger nails of the victim removed 
the parasite. Secondly, the infiltration of the lower 
layers of the epidermis appeared to change the exact 
nature of the environment, and this rendered it 
unfavourable to the Sarcoptes which sometimes 
voluntarily left the skin, a fact which was demon- 
strated by protecting burrows so that they could 
not be scratched. Under such circumstances they 
were still frequently vacated. 
In Fig. 2 the parasite rate during long infections 
in volunteers who had had a previous infection is 
shown graphically. This diagram is on the same 
scale as Fig. 1 and the difference is very striking. 
In no case did the population ever rise to anything 
like the heights achieved in the first infection. Two 
of the infections shown died out completely, the 
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others fluctuated erratically. The graph only gives 
the figures for 200 days. Two of these infections 
(Cand F) continued to 265 and 250 days respectively ; 
the populations fluctuated as before and ended with 
parasite rates of 17 and 11 respectively. The rates 
of increase of the parasitic infection in first and later 
infections are summarized in Fig. 3. The cases de- 
scribed in Fig. 2 are the results of successful infec- 
tion of individuals who have previously suffered 
from scabies. Twenty such successful infections 
were produced though they were not all continued 
for such a long period. But in addition to this, on 
fourteen occasions mites numbering from 1 to 43 
at a time were placed on seven different volunteers 
without any permanent infection developing. In 
these cases mites were seen to have started to 
burrow, and a few days later no trace of them was 
discovered. This phenomenon is in marked contrast 
to the practically inevitable development of a 
generalized infection in individuals who had never 
had a previous infection. Although itching starts 
soon after infection in these cases, widespread 
clinical symptoms usually take some weeks to de- 
velop, if they do develop at all, for so few mites 
reach maturity. 


ANALYSIS OF NATURAL INFECTIONS 


An analysis has already been published (Johnson 
& Mellanby, 1942) describing the parasite popula- 
tion of 886 cases of human scabies. The average 
parasite rate was found to be 11-3, and a study of a 
further 2000 cases gave a closely similar result. 
These patients were mostly infected for the first 
time though a few had had previous attacks; the 
difficulties of obtaining accurate information from 
a patient made it impracticable to separate first 
infections from others. During a period of nearly 
2 years forty-five of these patients, who were all 
treated and cured, returned some months later with 
new infections, and the parasite rate was again de- 
termined. The average figure obtained was 3-2, i.e. 
only about a quarter of the previous result. It is not 
improbable that if only first infections had been 
considered in the original analysis a parasite rate 
greater than 11-3 would probably have been found. 
The results of analysis of these infections are ex- 
pressed graphically in Fig. 4; once more the dif- 
ference between first and later infections is brought 
out. ‘50% of the first and 89% of the later infec- 
tions showed parasite rates of under 6, but higher 
parasite rates were more than 4 times as common for 
first infections (50%) than for later infections (11%).’ 


THE SKIN REACTION IN HUMAN SCABIES 


It has been noted above that for the first month of 
a person’s first infection with Sarcoptes practically 
no discomfort or itching is experienced and there is 
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Fig. 2. Changes in the number of adult female parasites of eight cases of scabies 
in individuals who had suffered from previous infections. 
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Fig. 3. A comparison of parasite population in first and Fig. 4. Parasite rate in first and later infections, from 
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no noticeable skin reaction. After this period the 
host appears to become sensitized and the charac- 
teristic skin reaction appears. An examination of 
serial sections of tissues surrounding burrows shows 
that the first reaction which takes place is a con- 
gestion and dilation of the vessels of the underlying 
corium. Next fluid is poured out upwards into the 
cellular malpighian layer, causing it to become 
oedematous. An infiltration of polymorphonuclear 
leucocytes occurs, and where a vesicle is formed the 
fluid contains many polymorphonuclear leucocytes. 
Peculiarly enough for a parasitic lesion, eosinophils 
appear to be absent. Small early vesicles are situ- 
ated entirely within the malpighian layer, but later 
the fluid escapes between the malpighian layer and 
the cornified layer. Some sections suggest that the 
fluid may actually flood the burrow. Even if this 
does not happen it would appear to alter the nature 
of the lower part of the horny layer which is occu- 
pied by the Sarcoptes; the cells often appear almost 
‘waterlogged’. 

It will generally be noted that there is practically 
no reaction in the neighbourhood of the Sarcoptes, 
but that the inflammation is most intense a few 
millimetres back along the burrow, i.e. at the point 
occupied by the mite some 24 hr. or so ago. It 
would appear that whatever substance is re- 
sponsible for the irritation, etc., it does not cause an 
immediate reaction, but that there is some little 
delay before the tissues react fully. 

Even when the parasites are killed or removed 
the skin reaction by no means always ceases, and 
in a case of active scabies the sites which are no 
longer occupied by mites may continue to give as 
intense a reaction as those with living Sarcoptes, a 
fact which accounts for the widespread itching and 
lesions in patients with very small numbers of 
parasites. 

After successful treatment the itching experienced 
in scabies disappears eventually, but there is a great 
deal of individual variation in the time which this 
takes in different patients. Some state that im- 
mediately the body has been painted with benzyl 
benzoate no further itching is experienced. Others 
obtain no such immediate relief. In some people, 
for weeks after the mites have all been killed, 
certain of their lesions come up at intervals, per- 
haps daily, as intensely itching weals. Another 
curious feature of the symptoms of scabies is that 
whereas some very inefficient treatment, one with 
very little harmful effect to the parasites, is given 
under circumstances which are likely to impress the 
patient favourably, he will usually find that at least 
for several days the itching is considerably relieved. 
On the other hand, if the mites are all killed but at 
the same time the patient is told that the itching 
will probably continue, he obtains very little relief. 
It appears therefore that the cutaneous symptoms 
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of itching are to a very considerable extent under 
the control of the higher nervous centres. 

The reactions of man to Sarcoptes suggested that 
it might be worth while trying to work out the 
immunology of the process. An extract of the para- 
sites was made by the following process: Approxi- 
mately 150 Sarcoptes were ground up with silver 
sand and 10 c.c. of physiological saline. The liquid 
was incubated at 37° C. for 3 hr., centrifuged and 
filtered through a gradocol membrane (pores ap- 
proximately 0-7). Sterility tests were performed 
and then formalin added to 0-1% to preserve the 
preparation. Between 0-1 and 0-2 c.c. of the extract 
was injected intradermally into volunteers and 
various reactions were obtained; these are sum- 
marized in Table 1. 


Table 1. Skin reactions obtained by injecting extract 
_ of Sarcoptes intradermally into human volunteers 
: Reactions of individuals 

(1) Men never infected with — 
scabies 

(2) Men first infected less 
than 3 months ago 

(3) Men infected more than 
6 months 


When six men who had never been infected with 
scabies were injected they gave no skin reaction at 
all. A similar result was obtained with men infected 
for less than 3 months. When, however, individuals 
who had been infected more than 6 months previ- 
ously were injected, in six cases out of seven a very 
marked reaction took place. Starting approxi- 
mately 24-36 hr. after the injection a weal the size 
of a sixpence appeared and the whole area was in- 
tensely itchy. An area of erythema up to 3 in. wide 
surrounded the lesion. The weals produced did not 
remain permanently inflamed but disappeared and 
reappeared much in the same way as occurred in 
the neighbourhood of mites in sensitized cases of 
scabies. In addition to the irritation at the site of 
the injection those individuals who had been cured 
of their last infection some time previously noticed 
that irritation occurred once more on other parts of 
the body which had been particularly troublesome 
during their last infection with living Sarcoptes. 
The other individuals who had been infected with 
scabies for a long time, after injection experienced 
some irritation in the injected area but no distinct 
weal formed. These experiments indicate that in 
clinical scabies antibody formation does take place. 
The production is slow, so that although sufficient 
sensitization to cause irritation in the presence of 
the Sarcoptes may arise within a month or 6 weeks 
the sensitization becomes progressively greater, and 
it is ondy after 6 months that it is sufficiently great 
to react markedly to an extract of the type that we 
used. 
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The subject of secondary sepsis in conjunction 
with scabies is very complex. Most of the volun- 
teers developed some secondary infection, and it 
was for this reason that their parasitic infection was 
usually terminated. Sarcoptes can only live in 
normal cuticle and is killed by pus—furthermore, 
it will not colonize septic areas. This means that 
scabies cases -with severe impetigo seldom have a 
high parasite rate, and the onset of secondary infec- 
tion was one of the reasons for the decrease shown 


in Fig. 1. Widespread impetigo will sometimes com- 


pletely cure the primary invasion of Sarcoptes. 


DISCUSSION 


It has been shown that the rate of increase of popu- 
lation of Sarcoptes in cases of scabies is very variable. 
The most rapid increase in the parasite rate was 
from 27 on the 56th day of an infection to 372 on 
the 105th day, i.e. an increase of 14 times in 7 weeks. 
Johnson (1942) has given some data on the greatest 
theoretical increase in population which would be 
possible if all eggs reached maturity, and in a 
personal communication he has kindly supplied 
further data on the same lines. These indicate that 
it might be theoretically possible for the parasite 
rate, starting at 27, to increase by about. 30,000 
times (i.e. to approximately three-quarters of a 
million) in 7 weeks. The greatest increase obtained 
was only about 1/2000th of the theoretical maximum 
and in most cases the increase was considerably less. 
This shows how great the mortality is even where 
the mite population would appear to be increasing 
very rapidly. In most infections less than 1% of 
the eggs can ever reach maturity. 

It has been shown that after the first infection it 
may be comparatively difficult to infect a person 
with scabies. It appears that during the pre- 
clinical incubation period the population increases 
and, so to speak, ‘gets a hold’ on the body without, 
in that time, evoking any defensive reactions. Once 
the infection has developed to this extent, although 
sensitization occurs, the mite population generally 
goes on increasing for some weeks, but eventually a 
decrease in parasitic infestation seems to be in- 
evitable. In the majority of cases the infection 
appears to decrease steadily until the parasite rate 
of somewhere round 10 is arrived at, and after this 
the future of the infection would appear to depend 
much on chance. Some individuals, particularly 
those who react with great intensity, may throw off 
the infection completely, whereas others may re- 
tain it in a chronic form for very long periods. 

Experiments on the infection of individuals who 
had never had scabies before suggest that most 
people may, within a period of 3 months, develop 
a very intense reaction and a parasite rate of be- 
tween 50 and 500 to 600. Examination of cases 
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received no type of treatment. It will be seen to 


coming in for treatment reveals that less than 4% ps 
of these have more than 50 adult female mites, so devel fc 
that there might appear to be some divergence be- satel ¥ 
tween experimental infectious and natural, clinical sot ree 
cases. The difference, as indicated below, is due to Med ‘ol 
the widespread use of inefficient medicaments which en 
reduce the mite population but do not cure the popula 
disease. It is probable that the mass of patients might 
can be divided into four categories, as follows: velops 
(a) Those who have just recently developed a serintic 
sensitization, i.e. who have been infected less than ~—— 
2 months and who have not yet developed a very ously ¢ 
high mite population. If all cases of scabies: could (S) th 
be diagnosed in this group the disease would cause anda 
comparatively little trouble and no serious secon- degree 
dary infection, also its spread would be cut down, period 
The majority of military patients seen at present direct 
fall into this group. oe 
(b) A similar group, say 4%, who have been in- “ames 
fected for 3 or 4 months and have not interfered dary i 
with the infection; they are the ones with the very appro 
high parasite rates. 
(c) Neglected cases which have extensive secon- oe 
dary infection with few mites. These are mainly velop 
seen in civilian practice and among military cases eae | 
are almost entirely restricted to new recruits. eosin 
(d) Partially treated cases. Under present condi- es 
tions few individuals ever reach the really high Th 
lifnits of parasite rate in 3 or 4 months, because ‘Stenagg 
when they become sensitized they indulge in some body 
form of self-medication, and although this does not of int 
cure the disease (and treatment dermatitis may give study 
symptoms worse than scabies) it will keep down the ‘lpr 
mite population drastically. able ' 
The course of the parasite population and the sites 
skin reactions are summarized in Fig. 5. The un- reape 
300 

of th 

a cu 

3 mun 

z whic 

imm 

alloy 

a pres 
whi 

part 

the 

Fig. 5. The parasite rate and the host’s reactions in 193: 
human scabies. Unbroken line=untreated cases; | wit] 
dotted line=after self-treatment; S, Sensitization of Onc 
host first recognizable ; II, Onset of secondary sepsis. ool 
broken line indicates the growth of the mite popula- trat 
tion in a man who has never had scabies.and who sot 


il 


an 4% 
ites, so 
1ce be- 
slinical 
due to 
which 
re the 
atients 
S: 
) a 
s than 
very 
could 
cause 
3econ- 
down, 
resent 


en in- 
rfered 
> very 


econ- 
ainly 
cases 


ondi- 

high 
cause 
some 
s not 
give 
n the 


| the 
un- 


rise steeply between the 50th and 100th days, then 
to fall off and finally to fluctuate at rather a low 
level for an indefinite period. The dotted line indi- 
cates what happens in the majority of cases who do 
not receive proper treatment but who take up some 
kind of self-medication,when the itching begins-to 
become intolerable. This treatment reduces the 
population and prevents the enormous increase that 
might occur; eventually the disease usually de- 
velops into the low-grade chronic infection charac- 
teristic of scabies of long duration. As noted above,’ 
a number of these cases might become spontane- 
ously cured at some stage. The same figure indicates 
(S) the point at which sensitization is sufficient to 
make the disease uncomfortable to the patient. The 
degree of sensitization increases for quite a long 
period, and this increase appears to have little 
direct relation to the parasite rate. It certainly 
seems to increase until the 100th day and perhaps 
even beyond this. At the point marked II secon- 
dary infection commonly occurs and this coincides 
approximately with the fall in the parasite popula- 
tion. If a case which is cured after sensitization sets 
in and is then reinfected it will be unlikely to de- 
velop a high population, and the curve for such a 
case would approximate to the dotted line in the 
earlier part of the infection and to the unbroken 
line after 200 days. 

The immunological reactions taken in conjunc- 
tion with the observations on the reactions of the 
body to long-standing infection with Sarcoptes are 
of interest both from the practical point of view in 
studying scabies epidemiology and in the study of 
metazoan immunity. Vertebrates are known to be 
able to develop immunity to certain metazoan para- 
sites, though this has only been fully studied with 
respect to the parasitic worms (Culbertson, 1941). 


_ Little work on arthropods has been done, perhaps 


the best known experiments being those of Black- 


’ lock, Gordon & Fine (1930) concerning the infection 


of the guinea-pig with the larva of Cordylobia; here 
a cutaneous infection confers a high degree of im- 
munity. Certain Arachnids such as Dermacentor, 
which take a number of days to feed, give rise to an 
immune response, so that an animal which has 
allowed some of this species to engorge may later 
present difficulties to other ticks due to a reaction in 
which phagocytic cells congregate round the mouth 
parts and prevent access to the host’s blood (Trager, 
1939). Antibody production has been described in 
the rabbit infected with Psoroptes (Culbertson, 
1934). The experiments described above show that 
with Sarcoptes a new kind of immunity occurs. 


Once an animal is sensitized colonization of the 
cuticle by Sarcoptes becomes difficult, as is illus- 
trated by comparing Figs. 1 and 2. The later mites 
are restricted in several ways. First, the host is 
stimulated to scratch, and his finger nails mechani- 
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cally cut down the mite population. Secondly, the 
local reaction of the lower layers of the skin tends 
to infiltrate the horny layer with fluid, producing an 
unfavourable environment from which the parasites 
remove themselves. Thirdly, scratching damages 
the cuticle and sets up secondary sepsis, which, ° 
although very unpleasant for the human host, gives 
conditions equally unfavourable to the Sarcoptes. 
None of the reactions gives complete protection to 
the host and they may aggravate his clinical 
symptoms, but they do drastically restrict the 
activities of the Sarcoptes. 

The results which we have considered may throw 
some light on the reasons for scabies being a disease 
which is sometimes epidemic and sometimes rather 
uncommon. If the incidence has been low for a 
number of years the majority of the population, and 
particularly the children, will never have been in- 
fected; if they chance to pick up the disease they 
will develop large mite populations, and the fact 
that the disease is not widely known will probably 
mean that during the early stages of the epidemic 
little self-medication will be used, and so the popu- 
lation of mites will increase in an unbridled manner. 
We have shown that the same person probably only 
develops a high population of mites on one occasion 
though scabies may exist chronically on his person 
for months or even years. It has also been shown 
that, though any case of scabies may be a danger to 
his intimate contacts, only those with very high 
parasite rates will spread the disease at all readily. 
Once a fairly high proportion of individuals has had 
scabies there is much less likelihood of a rapid 
spread of the disease through that part of the popu- 
lation, and so even without extensive and efficient 
treatment the disease will slowly die away to a 
minimum once more. It is nevertheless important 
that the disease should be quickly and efficiently 


' treated because this will reinforce the tendency of 


the disease to decrease from the maximum, and thus 
it will cause the epidemic to come to an end much 
more rapidly. 

It has repeatedly been shown that to free a family 
of scabies all members must be treated at the same 
time, otherwise there is apt to be reinfection, and the 
infection carries on chronically for very long periods. 
On the other hand, although intimate contact in a 
household may perpetuate this state of affairs, once 
a person has been treated he then develops so low 
a parasite population that he is unlikely to spread 
the disease to any great extent, except to very 
intimate contacts. This explains why scabies treat- 
ment schemes, when run efficiently, have such suc- 
cessful results—one would at first sight expect 
anyone who picked up the disease to be particularly 
liable to repeated infections from some of the same 
sort of sources, all of which can seldom be traced. 
In fact, as he becomes less liable to infection and his 
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contacts less able to transmit the disease the inci- 
dence does not increase as it might otherwise. In 
the Middle Ages when there was little efficient treat- 
ment, scabies was still sometimes epidemic and 
sometimes fairly uncommon; the only reason for 
the periodic decrease in incidence must have been 
the immunity developed by the population. 


SUMMARY 


1. Scabies is usually transmitted by intimate 
personal contact. 

2. The young, newly fertilized adult female 
Sarcoptes is the stage usually responsible for 
transmission. 

3. Patients with a high parasite rate (over 100 
adult female mites) are much more likely to spread 
scabies than those with few parasites. 

4. The distribution of the parasites in clinical 
scabies gives no clue to the original sites of in- 
fection. 

5. When a volunteer is infected for the first time 
he gives no reaction for about a month. During this 
period he may be quite unaware that the parasites 
are burrowing in his cuticle. 

6. After a month the patient becomes sensitized, 
itching and other symptoms develop. 

7. In a first infection the mites increase in num- 
bers far less rapidly than is theoretically possible. 
A parasite rate of about 25 may be reached in 50 
days and of up to 500 in 100 days; after this the 
number of mites decreases rapidly. 
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8. The second time an individual has scabies he 
itches at the sites of infection within 24 hr. His mite 
population seldom rises to a fraction of the height 
reached in his first infection. 

9. Reinfection of cured cases is much more dif- 
ficult than infection for the first time. 

10. Sarcoptes causes antibody function in man. 
This causes a partial immunity. 

11. The mechanism of immunity is due to three 
reactions: (a) scratching by the host which removes 
the parasites mechanically ; (b) oedema renders the 
cuticle unsuitable for colonization and causes the 
mites to vacate their burrows; (c) scratching pro- 
duces sepsis which is fatal to Sarcoptes. 

12. The partial immunity obtained may account 
for fluctuations in the incidence of the disease. 


I am grateful to Prof. Wilson Smith, head of the 
department of Bacteriology in the University of 
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Dr L. C. D. Hermitte, Pathologist to the Royal 
Infirmary, Sheffield, for his help in examining the 
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THE PARASITOLOGY OF HUMAN SCABIES (WOMEN AND CHILDREN) 
By W. C. BARTLEY anp KENNETH MELLANBY 


(With 3 Figures in the Text) 


In a previous paper (Johnson & Mellanby, 1942) an 
account was given of the numbers of adult female 
Sarcoptes and their distribution in 886 cases of 
scabies. These cases were all adult males and it was 
desired to complete the study by a similar analysis 
of the parasitic infection in women and children. 
The following is an account of the numbers and 
distribution of mites in 119 women and eighteen 
children. Owing to the small number of children 
these figures are only suggestive. As described in 
the previous paper the mites are first located with 
the help of a watchmaker’s lens and the parasite is 
then extracted with a mounted needle. Only adult 
females are extracted. The number of parasites per 
case is called ‘the parasite rate’. 


THE PARASITE RATE 


Women. 1494 miteS were removed from 119 
patients; thus the average parasite rate was 12-5. 
Fig. 1 gives the distribution of the mite populations 
among the patients. 48-7 % had under six parasites 


100 


Mean = 
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Parasite rate 
Fig. 1. The parasite rate for 119 cases of scabies (all 
women). 


and only 5-9 % had over fifty. Two populations over 
one hundred were encountered. 

Children. The group of eighteen children, varying 
in age between 10 months and 12 years, consisted 
of fourteen boys and four girls. The sexes were 
grouped together for the various sites except in the 
ease of the genitalia where the boys alone were 


considered. 355 mites were removed from the 
eighteen children, giving a parasite rate of 19+7. 
16-5 % had under six parasites, none over fifty. 


SITES OF ELECTION 


Women. Figs. 2 and 3 give the distribution of the 
sites most frequently attacked by the mite. 81-5% 
were found on the hands and wrists with 5-9% on 


100 


EF. 


Sites 
Distribution of mites among principal sites of 
election in 119 cases of scabies. 


Fig. 2. 
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Sites 
Fig. 3. Principal sites of election in women. 


the elbows. Table 1 gives a comparison between the 
distribution of mites in the adult male and the adult 
female. In the male only 63-1 % are found on the 
hands and wrists. If the regions of the hands and 
wrists are further subdivided a more striking dif- 
ference is apparent. Whereas mites are practically 
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never found on the palm of the hand in the male 
they are found to the extent of 7-5 % in the female. 
Even more striking is the fact that in 27-7 % of the 
female cases at least one mite was found on the 
palm of the hand. 

Children. In children, as Table 2 shows, the per- 
centage of cases with mites on the palms of the 
hands is as high as 44-4%. 20% of the mites were 


Table 1. Comparison of distribution of 
mites as between men and women 


Sites Male % Female % 
Hands and wrists (excluding 63-1 74-3 , 
palms) 

Palms of hands — 75 
Elbows 10-9 5-9 
Feet and ankles 9-2 8-8 
Penis and scrotum 8-4 — 
Buttocks 4-0 1-1 
Axillae 2-4 0-9 
Knee 0-7 0-3 
Navel 0-4 0-1 
Chest 0-1 0-1 
Breasts — 0-5 
Other sites 0-8 0-5 


found on the feet and ankles, a figure nearly twice 
as high as that found in the adult male, and 77-7 % 
had at least one mite in these regions. All the chil- 
dren had at least one mite on the hands; of these 
parasites 88-8% were in the classical interdigital 


region. 

GENERAL CONCLUSIONS 
The results given here confirm the previous finding 
(Johnson & Mellanby, 1942) that in human scabies 


comparatiyely few parasites are usually found in- 
fecting cases. It appears that in men and women 
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somewhat similar numbers are found, and that 
these have a not dissimilar distribution except for 
slight differences in the sites of election. Children 


’ appear to be, on the average, more heavily infected, 


Table 2. Sites of selection and frequency with which 
the different sites were affected in eighteen cases of 
scabies in children 


Sites Mites % Cases % 
Hands and Wrists 193 62-3 18 100 
Interdigital 75 24-2 16 88-8 
Ulna border 36 11-6 10 55-6 
Wrist flexor 27 8-7 ll 61-1 
Palms 21 6-8 8 44-4 
Thumbs 16 5-2 7 43-3 
Fingers 8 2-6 3 16-6 
Knuckles 6 1-9 4 22-2 
Radial border 4 1:3 4 22-2 
Elbows 15 48 6 33-3 
Axillae 4 1:3 4, 22-2 
Abdomen t 0-3 1 5-6 
Navel 2 0-6 2 11-1 
Penisand scrotum 11 3-6 8 44-4 
Buttocks 10 3-2 6 33-3 
Back 4 1:3 1 5-6 
Knees  { 2-3 4 22-2 
“Feet and Ankles 63 20-3 14 717-8 
Insteps 32 10-3 12 66-6 
Heels 14 4-5 6 33-3 
Soles ll 3-6 3 16-6 
Toes 4 1:3 1 5-6 
Ankles | 2 0-6 1 5-6 


and with them the sites of election are more 
strikingly different. It was impossible to enume- 
rate results in babies but here there is some evidence 
to suggest that the feet are even more heavily in- 
fected than the hands and wrists. 


REFERENCE 
Jounson, C. G. & Metiansy, K. (1942). Parasitology, 34, 285-90. 
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I. INTRODUCTION 


Experiments on hexyl resorcinol were made to ob- 
tain information on the mode of action of anthel- 
mintics. This substance was chosen because it has 
an established reputation as an ascaricide and has 
ilready been investigated from the pharmaco- 
logical point of view. 

The most important characteristics of anthel- 
nintics are that they are poisonous substances with 
the properties: (a) to reach the site of the parasite 
in the host by resisting absorption, detoxication and 
destruction; (b) to remain effective in the presence 
of the normal intestinal contents of the host; 
(c) to penetrate the cuticle and/or the gut-wall of 
the parasite and reach some vital part of it; (d) to 
pass through and/or into the host without producing 
any significant toxic effects. 

This investigation is concerned with conditions 
(6) and (c), since Lamson e¢ al. (1935) have shown 
that conditions (a) and (d) are fulfilled by hexyl 
resorcinol. 


Parasitology 35 


[ 209 ] ; 
EXPERIMENTS ON THE MODE OF ACTION OF HEXYL 
RESORCINOL AS AN ANTHELMINTIC 
By A. R. TRIM, B.A., P#.D., Biochemical Laboratory, Cambridge 
(With 9 Figures in the Text) 
CONTENTS 
PAGE PAGE 
I. Introduction one ss na ee 209 VI. The effect of intestinal contents of the 
II. Experimental methods: pormal host on the rate of uptake of hexyl 
resorcinol by Ascaris: 
(1) Conditions of experiments... 209 1) So euatt 214 
(2) Detection and estimation of henyl (i) 
snineiniied 209 (2) Conditions for in vitro experiments 214 
(3) Proteins and 
III. The path of penetration of otines resor- products ° 215 
cinol into Ascaris lumbricoides var. suis.. 211 (4) a 215 
IV. The rate of penetration of hexyl resorcinol (5) Fate . = 
through the cuticle of Ascaris: (6) The effect of | = “compo ments of 
(1) Paden experiments 211 bile, with some data on their mode 
. (2) Individual variations in the rate of om a ae . 
absorption of the drug by Ascaris... 211 VII. The effect of a number of drugs and other 
V. The effect of certain substances on the rate of of 
conditions on the rate of penetration of resorcinol by Ascaris 218 
hexyl resorcinol into Ascaris: VIL y 218 
(1) The effect of drug concentration on 
the rate and extent of drug 
(2) The effect of the pH ‘of the medium 214 Acknowledgements 218 
(3) The effect of ne 214 
(4) The effect of anaerobiosis . 214 References ... 2:19 


II. EXPERIMENTAL METHODS 
(1) Conditions of experiments 

All experiments, except where otherwise indicated, 
were carried out at 37° C., either in a hot room or in 
flasks immersed and shaken in a constant-tempera- 
ture bath. Most of the work was carried out in the 
modified buffered Ringer solution described by 
Baldwin (1943). The worms, Ascaris lumbricoides 
var. suis, were obtained under the same conditions 
and from the same sources as Baldwin has de- 
scribed. Except where indicated the work was 
carried out on female worms which were only used 
up to 2 days after collection from the host. 


(2) Detection and estimation of 
hexyl resorcinol 
It was found that the well-known coupling reac- 
tion of phenols with diazonium compounds to form 
azo dyes is a sensitive means of detecting the drug 
in the worm tissues, and that the reaction could be 
made the basis of a quantitative method. The rapid 
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method of diazotization and coupling described by 
Dangerfield, Gaunt & Wormall (1938) was used. 

Choice of amine. Aliquots of solutions of different 
amines were diazotized and buffered with acetate as 
described by the above authors. An aliquot of 
standard hexyl resorcinol solution was added, and 
the development of colour studied. That obtained 
with p-amino benzoic acid was of an orange-red hue, 
and seemed to be the best for quantitative purposes. 
The pH at which the two feactions were allowed to 
take place and the presence of salts and other sub- 
stances had a great effect upon the tint, intensity, 
stability and rate of development of the colour. If 
either before or after the coupling of the drug with 
the amine the solution is made strongly alkaline, the 
colour produced is a brick red, and reaches a 
maximal intensity almost instantaneously. The 
reagents, without the addition of hexyl] resorcinol, 
give no colour at all under these conditions. 

For concentrations of hexyl resorcinol between 
1/2000 (0-0026 M) and 1/100,000 the following pro- 
cedure was adopted for quantitative work. A 0-01 M 
solution of p-amino benzoic acid was made up in 
0-5 N HCl. To diazotize, to every 2 ml. of this solu- 
tion one drop of 0-5% NaNO, solution was added, 
the solution well mixed and left standing for 1 min. 
Then for each 1 ml. a drop of saturated urea was 
added, the solution shaken vigorously and left 
standing for 2 min. to remove the excess of nitrite. 
This solution (A) was made up freshly every day. 
To estimate hexyl resorcinol, 1 ml. aliquots of its 
solution were taken in 25 or 50 ml. volumetric 
flasks, 2 ml. of solution A were added followed by 
3 ml. of 8% NaOH. The flasks were then made up 
to volume with distilled water and the colour 
intensity measured immediately against standards 
made up in the same way in a colorimeter with a 
blue Wratten filter 45H. The errors were within 2%, 
and over this range of concentrations the relation 
between intensity of colour and concentration of 
hexyl resorcinol was found to be linear, so that it 
was possible to measure widely varying concentra- 
tions against the same standard. 

Estimation of hexyl resorcinol in the presence of 
tissues. The drug will only give the azo reaction in 
the presence of tissues if made strongly alkaline by 
the addition of NaOH after the addition of solution 
A. Under these conditions the drug may be de- 
tected in the organs of the worm, and it has been 
possible to work out a quantitative method for the 
determination of the amount of drug which has 
been absorbed by it. Worm tissues containing the 
drug were chopped with scissors and a few ml. of 
solution A added (1-3 ml.). 1-3 ml. 40% NaOH 
were added to the mixture and the whole heated on 
a boiling water-bath for 5 min. After cooling the 
contents of the tube were treated with 1-3 ml. con- 
centrated HCl to acidify and then cooled again. 


25 ml. acetone were then added to precipitate the 
glycogen, which occurs in large quantities in the 
animal. The precipitate was spun off on the centri- 
fuge, and the supernatant solution poured off. The 
precipitate was then washed with two successive 
small quantities of acetone and the washings added 
to the main solution. This acetone-water solution 
contained the azo dye. On the addition of sufficient 
40% NaOH to make it strongly alkaline (2-6 ml.) 
and shaking with 10 ml. benzene, thé solution 
separated into two layers, a lower aqueous one con- 
taining all the dye in the form of an orange-red 
solution, and an upper benzene-acetone layer. The 
upper layer was washed three times.with a little 
distilled water to remove traces of the dye solution 
suspended in the benzene. The washings were added 
to the original aqueous layer which had already 
been run off into a volumetric flask. If the solution 
was cloudy it was cleared by filtration after making 
up to volume ready for measurement. 

Substances in the tissues formed a yellow colour 
with the reagents, which interfered with the de- 
terminations. It was found that the best means of 
compensating for this was to make up the standard 
solutions by adding approximately the same amount 
of worm tissues as in the unknown and to put them 
through the same extraction process. The following 
figures show that if this is done, reproducible results 
are obtained. A number of worms weighing about 
6-5 g. were chopped each into a separate tube, and 
1 ml. of 1/2000 hexy] resorcinol added to each. The 
tubes were then incubated at 37° C. for 2} hr. before 
the hexyl resorcinol was determined. 

One preparation used as a standard was set at 
20-0 in the colorimeter, and the other preparations 
were compared with it. The colorimetric readings 
against standard in worms 1, 2, 3 and 4 were re- 
spectively 20, 20, 20-6 and 20-6. 

Similar experiments with aliquots of 1/4000, 
1/10,000, 1/20,000 and 1/40,000 hexyl! resorcinol 
showed that this procedure gave agreement with an 
error of 5-7 %. A further experiment verified these 
findings. Different quantities of hexyl resorcinol 
from 0-08 to 0-13 mg. were determined, each in the 
presence of approximately 4-3 g. wet weight of 
worm tissues, by comparison with a standard con- 
taining 0-1 mg. of the drug prepared in the same 
way. The results are given in Table 1. 


Table 1 


mg. drug mg. drug 
taken _ Pecovered Error % 


0-8 0-74 
0-9 0-93 + 33 
1-10 1-06 — 36 
1-20 1-12 
1-30 1-18 — 10-0 


The margin of error tends to become less the 
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higher the concentration of drug being determined, 
since the effect due to the tissues present becomes 
relatively smaller. 

The above method was found to be applicable to 
the detection and determination of a large number 
of phenolic substances. 


THE PATH OF PENETRATION OF 
HEXYL RESORCINOL INTO ASCARIS 
LUMBRICOIDES VAR. SUIS 


Some preliminary experiments were made to find 
the relative ease of passage of the drug through the 
cuticle and the intestinal wall of the worm. Worms 
were cannulated at the mouth and anus, and provided 
a fairly high pressure was exerted, physiological 


III. 


saline at 37° C. could be passed through the animaf 


from either end. However, strong resistance was 
offered even when the cannula at the mouth end was 
pushed past the powerful oesophageal musculature, 
suggesting that a strong pumping action may be 
exerted from other parts of the gut. When 1/3-1/2 ml. 
of physiological] saline at 37° C. coloured with trypan 
blue or Chicago blue was injected by hypodermic 
syringe via a cannula at the head or the anus, the 
solution penetrated fairly rapidly to a distance of 
about one-third the length of the animal from the 
end at which it was injected. However, after this 
penetration had been achieved, the worm fre- 
quently forcibly ejected the fluid. Resistance to the 
injection of a solution containing 1/2000 hexyl re- 
sorcinol was greater. The following experiment shows 
how hexyl resorcinol may be brought to penetrate 
through the cuticle of the worm more readily than 
by other means. Pairs of 30 cm. worms, A, B, C, D 
and E, were treated in the following manner: A 
were injected with 0-5 ml. 1/2000 hexyl] resorcinol 
solution at 37° C. per os and ligatured at the mouth 
and anus, and then transferred to saline at 37° C. 
B were treated in the same way per anum. C were 
ligatured but not injected. D were ligatured and 
kept in 1/2000 hexyl! resorcinol in saline at 37° C. 
Ewere not ligatured and were kept in saline at 37°C. 
containing 1/2000 hexyl resorcinol. After a few 
minutes A and B became paralysed as far along the 
body wall as the drug had penetrated along the gut. 
However, the remaining part of the animal re- 
mained active for at least 6 hr. C remained active 
for at least 24 hr. D and E became completely 
paralysed after } hr. In the case of A and B, very 
slight penetration of the drug was detected, but D 
and E gave a strong reaction for the drug through- 
out their tissues within $ hr. The experiment was 
repeated with worms ligatured at the head and anus 
and also either side of the genital pore, so that no 
place for mechanical entry of the drug remained 
open. Substantially similar results were obtained. 
These experiments show that the cuticle of Ascaris 
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allows the inward passage of this drug, whereas it is 
difficult, if not impossible, for it to pass in by other 
means, although the gut wall is probably permeable 
to the drug. 


IV. THE RATE OF PENETRATION OF 
HEXYL RESORCINOL THROUGH THE 
CUTICLE OF ASCARIS 

(1) Preliminary experiments 


Fig. 1 shows the rate of uptake of the drug by 
Ascaris from a 1/2000 solution. The worms were 


Drug conc. in medium 
i 

4 

0 10 20 30 


Time (minutes) 
Fig. 1. Diagram showing the rate of penetration of 
hexyl resorcinol into Ascaris in mg./g. from a 1/2000 
solution. & ligatured worms; @ non-ligatured worms. 


ligatured or not ligatured as indicated. Worms were 
immersed in a large volume of solution and removed 
in pairs at intervals. The amount of drug which had 
penetrated the worms was measured by direct de- 
termination of the amount which could be recovered 
from the tissues. It may be seen that the rate of up- 
take of the drug by the ligatured and non-ligatured 
worms is of the same order. This confirms the con- 
clusion that under the conditions of these experi- 
ments the main path of entry of the drug into the 
worm is through the cuticle. 


(2) Individual variations in the rate of absorption 
of the drug by Ascaris 

Different worms showed different rates of pene- 
tration of the drug which could not be simply corre- 
lated with differences of size. These variations are 
shown in the following experiments in which worms 
of the same order of size were used. As in the above 
experiments drug uptakes were calculated in terms 
of mg. drug taken up per g. wet weight of worm. It 
was found for a large number of worms that the wet 
weight per unit volume (g./ml.) does not vary more 
than 5% from unity; consequently the figures ob- 
tained are also a measure of the amount of drug per 
unit volume of worm tissue which may be compared 
with the concentration in the medium. Twenty-one 
worms were immersed in 1/30,000 hexy! resorcinol 

15-2 


the 
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solution at 37° C. in separate groups of three, each 
in 300 ml. At intervals a batch of worms was taken 
out of the solution, and the drug content of each 
individual estimated. Two worms in each group 
were ligatured. The results are shown in Table 2. 
This experiment was repeated using a larger 
volume of fluid and fewer worms (5 1. solution and 
fifteen worms). All the worms were put together 
into the same flask and the medium changed every 
8 hr., so that a relatively high concentration of drug 


resorcinol as an anthelmintic 


Similarity of weight and length of Ascaris usually 
means that the other dimensions are also similar, 
so that the variations seen in the above figures can- 
not be accounted for entirely in terms of differences 
in surface area of the different individuals. The fol- 
lowing experiments established this fact. Each of 
four worms was incubated with 25 ml. 1/4000 hexyl 
resorcinol solution at 37°C., 2 ml. aliquots were 
taken at intervals after the immersion of the worms, 
and the rate of uptake of the drug determined in- 


Table 2. The concentration of hexyl resorcinol in Ascaris after immersion in 1/30,000 solutions 


Worm Weight Volume 
no. g. ml. 
1NL 6-4 6-4 
2NL 5-6 
3 NL 4-1 4-1 
4L 75 75 
5 L 73 v3} 
6NL 8-1 8-2 
6-6 6-6 
8L 7-2 vs} 
6-4 6-4 

10L 7-1 7-2 

6-1 ea} 

12 NL 6-6 6-6 

13 L 6-3 6-2 

14L 55 ss} 

15 NL 5-4 5-4 

16L 6-7 6-9 

17L 5-2 sa} 

18 NL 5-5 5-5 


Time of mg. drug in mg. drug/g. worm 
immersion (hr.) whole worm i.e. drug/ml. worm 
0-048 0-008 
$ 0-042 0-008 
0-059 0-014 
0-14 0-019 
1 0-19 0-026 
0-20 0-025 
0-19 0-029 
9 
0-31 0-042 
4 0-18 0-030 
0-25 0-038 
1-11 0-176 
224 1-11 0-202 
1-11 0-206 
1-30 0-194 
474 
1-30 0-236 


L means ligatured worm; NL means non-ligatured worm. 


was maintained throughout the experiment. The 
results were comparable with those obtained in the 
previous experiment. The concentration of the drug 
inside the worm reached that in the medium be- 
tween 2 and 4 hr. after immersion. No permanent 
equilibrium was attained at that stage and absorp- 
tion went on until the concentration of drug inside 
the worm reached a level five to six times that in the 
original solution. Immediately after immersion in 
the solution the worms became extremely active, 
and after 4 hr. were still moving quite freely and 
apparently normally. After 16 hr. they were still 
fairly active, although by this time the concentra- 
tion of the drug inside the worm must have been 
approaching a maximum. Tests on the main organs 
and tissues showed that it had penetrated into all of 
them. After 25 hr. the worms were still feebly 
active. At the end of 16 hr. some of the worms were 
transferred to a little normal saline, and after a 
further 16 hr. were tested for the presence of the 
drug in the tissues. A high concentration was still 
present, while none could be detected in the 
medium, showing that the animal retains the drug 
that it absorbs. This test was repeated with worms 
immersed for much shorter periods with similar 
results, 


directly by measuring its rate of disappearance from 
the solutions. The results are shown in Fig. 2. Here, 
owing to the widely differing sizes of the worms, the 
differences in rate of uptake can be partly accounted 
for in terms of the differences which exist between 


20 60 


Time (minutes) 
Fig. 2. Diagram showing the rate of penetration of 
hexyl resorcinol into four specimens of Ascaris from 
a 1/4000 solution. 


Worm Wt. in g. 
1 4-0 
2 5-1 
3 2-7 
4 7-4 
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surface area per unit volume (or mass) of each 
worm. In other experiments this factor was largely 
eliminated by choosing worms as nearly as possible 
of the same size. Large variations were still re- 
corded as is shown in Table 3. 

Differences in surface area per unit volume alone 
cannot account, for the different rates of uptake of 
the drug by different worms. This information is 
important for the interpretation of later experi- 
ments. Calculations from figures for these and 
previously determined uptakes show that there is 


a maximum deviation from the mean of 50% and 
a mean deviation from the mean of 8% for worms 
of the same sex and order of size. Calculations from 
eight experiments in which the total uptake for 
groups of five worms of approximately the same 
total weight was determined showed that the 
maximum deviation from the mean was 25% and 
the mean deviation was 5%. This suggests that it is 
safe to consider that differences in the rate of uptake 
of the drug greater than twofold are due to factors 
other than intrinsic differences between individual 
worms, 

The work was continued with the investigation 
of the effect on the rate of penetration of the drug 
into the worm of three types of factors: 

(1) The effect of physico-chemical factors such 

as drug concentration, pH of the medium, tempera- 
ture and anaerobiosis. . 
(2) The effect of substances which may occur 
naturally in the alimentary tract of the host animal. 
(3) The effect of substances which do not 
normally occur in the alimentary tract of the host 
animal. 


V. THE EFFECT OF CERTAIN PHYSICO- 
CHEMICAL CONDITIONS ON THE RATE 
OF PENETRATION OF HEXYL RESOR- 
CINOL INTO ASCARIS 

(1) The effect of drug concentration on the rate 

and extent of drug penetration 

The curves in Fig. 3 show the rate of uptake of 
hexyl resorcinol from solutions at concentrations 
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between 1/30,000 and 1/2000. The rate of removal 
of the drug from the solution was measured in each 
case. The initial rate of uptake is roughly propor- 
tional to the initial concentration in the solution. 
It is of interest that although there is no simple 
equilibration process between the animals and the 
solution, there is a saturation limit as has already 
been shown. However, this limit must be higher the 
higher the original concentration of the drug in the 
medium, e.g. the limit for 1/30,000 hexyl] resorcinol 
is about 0-2 mg./g. wet weight of worm, but, as is 


Table 3. Figures showing the variations of uptake of hexyl resorcinol in different individuals 
(a) Drug uptake by four female worms 


Worm Wt. Vol. Length Surface Uptake/worm/ Uptake mg. drug 
no. g- ml. em. areacm.? Area/vol. 30 min. in g. worm 
1 46 4-5 29-0 39-0 8-5 3-1 0-67 
2 5-2 5-2 31-0 43-2 8-3 1-6 0-32 
3 5-7 5-8 30-0 44-0 7-7 1-9 0-33 
4 5-0 5-1 33-0 40-7 8-2 3-0 0-60 
(b) Drug uptake by four male worms 
1 2-4 2-4 21-0 22-5 9-0 3-1 0-83 
2 2°3 2-3 22-0 24-6 10-4 1-9 0-54 
3 2-0 1-9 20-5 19-5 9-8 3-9 1-30 
4 1-9 1-9 18-0 19-5 10-3 2-4 0-83" 


shown in Fig. 3 with higher external concentrations 
of drug, much higher internal concentrations are 
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Fig. 3. Diagram showing the relation between the 
original concentration of drug in the medium and its 
rate of penetration into Ascaris. 


Original concentration 


Curve _ of drug in the medium 
1 1/2000 ° 
2 1/4000 
3 1/10,000 
4 1/30,000 


reached before there is any indication that satura- 
tion has been reached. 
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(2) The effect of the pH of the medium 
The effect of pH of the medium on the rate of 
uptake of the drug was investigated over the range 


pH 4-8 which extends beyond any which the para-. 


site might encounter in the course of its normal 
activities. Isotonic solutions of various buffers were 
made up. 1/10,000 hexyl resorcinol solutions 
buffered at different pH levels were made by adding 
1 vol. of isotonic buffer to 3 vol. physiological saline 
containing a concentration of 4/3 x 1/10,000 of the 
drug. A parallel series of buffered saline solutions 
was made without the drug. Five groups of five 
worms of similar dimensions were selected, weighed 
and immersed in five different buffered saline solu- 
tions for 15 min. at 37° C. They were then removed, 
drained and immersed in their respective buffered 
1/10,000 drug solutions. 2 ml. aliquots of each solu- 
tion were taken at 0 and 67 min., and the drug con- 
centrations measured. The worms were allowed to 
remain for a further 15 hr. after which time they 
were still alive, but only capable of feeble move- 
ments. There was no detectable difference in the 
behaviour of the different batches. The results 
given in Table 4 show that over this range changes 
in pH of the medium have no significant effect upon 
the rate of penetration of hexyl! resorcinol into the 
organism. 


‘Table 4. The effect of the pH of the medium on 
hexyl resorcinol uptake 


Wet wt. of mg. drug absorbed/ 
pH and buffer worms g. worm in 67 min. 
4-1 acetate 27-2 0-196 
5-1 acetate 30-6 0-202 
5-6 phosphate 25-5 0-192 
7-0 phosphate 23-9 0-174 
7-8 phosphate 26-6 0-206 


(3) The effect of temperature 


Experiments on the effect of temperature showed 
that over the range from 20 to 40° C. the Q,y is of the 
order of 2: below 20° C. the absorption of the drug 
still occurs, but the Q,, rises sharply (Table 5). 


Table 5. Uptake of hexyl resorcinol at 
different temperatures 


Temperature Drug uptake in 20 min. 


mg./g. 
37 0-075 
35 0-083 
23 0-044 
12 0-006 


(4) The effect of anaerobiosis 
Since the worms live in a natural medium con- 
taining scarcely any oxygen but a considerable pro- 
portion of CO,, the uptake of the drug from a 
medium free from oxygen and containing CO, was 
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measured. Batches of worms were incubated at 
37° C. in air-free buffered saline at pH 6-5, and N, 
containing 5% CO, was passed through the flasks 
for 10 min. The flasks were then closed for 1 hr. to 
allow the worms to consume any traces of oxygen 
which remained. At the beginning of that period 
the worms became very active, and then went into 
convulsive movements. After some time they 
settled down to their normal movements. An air- 
free solution of hexyl resorcinol was then added to 
the flasks to bring the concentration of the drug to 
1/4000 and the uptake over a period of 30 min, 
measured and found to be about 0-3 mg./g. worm, 
which does not differ significantly from the aerobic 
rate. 


VI. THE EFFECT OF INTESTINAL CON. 
TENTS OF THE NORMAL HOST ON THE 
RATE OF UPTAKE OF HEXYL RESOR. 
CINOL BY ASCARIS 

(1) Some observations in vivo 

Hexyl resorcinol is reputed to be extremely reactive 
with organic matter. If this is so, it would be likely 
to associate itself with the intestinal contents of the 
host animal, and possibly become less available for 
attack upon the parasite. The following experiment 
was made to test this hypothesis. Through the kind 
co-operation of Dr G. Lapage and Dr J. A. Venn of 
the Institute of Animal Pathology in the University 
of Cambridge, a 12-week-old pig was starved over- 
night and then dosed with 1 g. of hexyl resorcinol. 
It was killed after a further 5 hr. Ultra-filtrates of 
the fluid from the stomach and successive lengths 
of the small intestine were tested for the presence of 
the drug. It was only detected in the ultra-filtrates 
from samples from the upper part of the small in- 
testine. The concentration was less than 1/30,000. 
This experiment showed that a relatively small pro- 
portion of the dose of hexyl resorcinol given to the 
pig was present in the ultra-filtrable portion of the 
intestinal contents. This was confirmed by incu- 
bating } |. of the contents of a pig’s small intestine 
with 0-5 g. of hexyl resorcinol for 2 hr. and 
measuring the hexyl resorcinol concentration in 
fhe ultra-filtrate after that time. Scarcely any 
was found in it. 


(2) Conditions for in vitro experiments 

This investigation was extended by testing the 
effect of a number of biological substances on the 
in vitro uptake of hexyl resorcinol by Ascaris from 
1/4000 solutions. The usual procedure was to dis- 
solve the neutralized substance in 50 or 100 ml. 
physiological saline at pH 6-5 and incubate it for 
2 hr. at 37° C. with the same volume of 1/2000 hexy! 
resorcinol solution in, buffered saline at pH 6-5 in a 
250 ml. flask. After incubation four or five worms of 
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the same average size were immersed in the fluid 
and shaken in a constant-temperature , bath at 
37° C. The rate of removal of the drug from the 
medium was followed by measuring the concentra- 
tion at intervals. This rate was compared with the 
rate of uptake of the drug by the same number of 
worms from saline alone. Controls were run to 
measure the effect of the presence of the added bio- 
logical substances upon the estimation of the drug, 
and in most cases the standard solution used con- 
tained the substance in the same concentration as 
the unknown. 


(3) Proteins and protein digestion products 


Fig. 4 shows the effect of a number of protein 
materials on the uptake of the drug by Ascaris. 


mg. drug/g. worm 


Time (minutes) 

Fig. 4. Diagram showing the effect of proteins and their 
degradation products on hexyl resorcinol uptake by 
Ascaris from a 1/4000 solution. (1) 0-5% Witte’s 
Peptone; (2) 5% acid hydrolysate of ovalbumin; 
(3) control; (4) 05% gelatin; (5) 1% ovalbumin; 
(6) 0-5 % ovalbumin; (7) 1% gastric mucin from the 
pig; (8) 2% gastric mucin. 


Degraded protein, peptonized protein and com- 
pletely hydrolysed protein represented by gelatin, 
Witte’s Peptone and a HCl hydrolysate of oval- 
bumin appear to have no significant effect on the 
rate of uptake. Native protein in the form of oval- 
bumin has a certain inhibitory effect, while intes- 
tinal mucin, which is always present in the host’s 
digestive tract, is strongly inhibitory. Ovalbumin 
and other native protein would be partially di- 
gested by the time they reached the site of the 
worms in the host and so would be unlikely to cause 
any appreciable inhibition of the action of the drug 
in vivo, but on the other hand, the effects due to 
mucin may be important under those conditions. 


(4) Carbohydrates 
‘Solutions and suspensions of soluble starch have 
an inhibitory action on the drug uptake by the 
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worm, but this is not shared by gum arabic and 
glucose (Fig. 5). The amount of undigested starch 
in the small intestine of the host is not likely to be 
large, and therefore should not interfere to any 


22 
0-5 


mg. drug/g. worm 


20 40 60 
Time (minutes) 

Fig. 5. Diagram showing the effect of carbohydrate on 
hexyl resorcinol uptake by Ascaris. (1) glucose; 
(2) 1% gum arabic; (3) control; (4) 0-5% soluble 
starch sol.; (5) 0-5 % soluble starch suspension. 


extent with the in vivo action of hexyl resorcinol. 
The results obtained so far suggest that the pre- 
sence of 1% glucose may increase the rate of pene- 
tration of the drug. 


(5) Fats 
Fig. 6a shows that olive oil, a typical fatty tri- 


glyceride, has no significant effect upon the uptake 
of the drug when present in the form of a 1% 
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0 23 
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Time (minutes) 

Fig. 6a. Diagram showing the effect of fatty substances 
on the uptake of hexyl resorcinol by Ascaris. 
(1) control; (2) 1% olive oil suspension; (3) 1% 
sodium oleate in 0:9% NaCl. 
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Fig. 6b. Diagram showing the effect of different concen- 
trations of sodium oleate on the uptake of hexyl 
resorcinol by Ascaris from a 1/4000 solution. 


cussed more fully in a later paper. The experiments 
with sodium oleate were conducted in 0:9% NaCl 
to avoid the precipitating effect of Ca++ present in 
the medium usually employed. 


(6) The effect of some components of bile, with some 
data on their mode of interaction with the drug 
The addition of 1% ox bile salts to the medium 
caused more than a 90 % inhibition of the drug up- 
take by the worm as is shown in Fig. 7. An attempt 
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0 20 40 60 
Time (minutes) 
Fig. 7. Diagram showing the effect of bile salts on the 
uptake of hexyl resorcinol by Ascaris from a 1/4000 
solution. (1) control; (2) 1% ox bile salts. 


was made to find the cause of this inhibition, which 
may be of practical importance in the use of the 
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suspension. Of the hydrolysis products of olive oil 
glycerol has no effect on the rate of penetration of 
the drug, while 1, 0-5 and 0-25 % solutions of sodium 
oleate completely inhibit the uptake. Lower con- 
centrations over a certain range increase the rate of 
uptake (see Fig. 66). This phenomenon will be dis- 


drug. Table 6 is a summary of the effect of a number 
of different bile components. 


Table 6. The uptake of hexyl resorcinol by 
Ascaris from bile-salt solutions 


% inhibition of drug 


uptake after 
Bile salt 15min. 30 min. 
1% ox bile salts 100 95 
1% Na glycholate 100 ‘91 
1% Na tauroglycocholate 93 95 
1% cholic acid neutralized with 89 85 
NaOH 
1% desoxycholic acid neutral- 68 64 


ized with NaOH 


The effect first found with the mixed ox bile pre- 
paration may have been due to an unspecific surface 
active effect of the bile. If that were so it was 
thought likely that other highly surface active sub- 
stances would have a similar effect upon the drug 
uptake. Table 7 shows the results of a number of 
experiments in which such compounds were added 
to the medium and the rate of uptake of the drug 
measured as a percentage of the uptake from a solu- 
tion to which such compounds had not been added. 


Table 7. The effect of detergents on hexyl 
resorcinol uptake by Ascaris 
Oil-water % inhibition of 
interfacial uptake from 


Cone. tension in 1/4000 soln. of 
Detergent gz. % dynes/cm. drug 
Tergitol 7 0-5 0-2 0 
Sulphonated laurol 1-0 8-5 0 
Lissapol C 0-15 2-1 70 
Saponin 1-0 17-0 100 
Cholic acid 1-0 9-0 95 
Hexy] resorcinol 0-025 15-4 


There is no direct correlation between the surface 
activity* of the substance and its inhibiting 
capacity. It was also shown that the physiological 
effect was not due to any irreversible change in the 
animal caused by the bile salts because worms incu- 
bated for 1 hr. with 1 % bile salt and then washed 
rapidly with saline and transferred to a drug solu- 
tion, showed a normal uptake of drug. 

The curves in Figs. 8a and 86 give some informa- 
tion as to the extent of inhibition and its relation to 


* Surface activity is measured in terms of the capacity 
of a substance to lower the interfacial tension between 
two phases. The lower the interfacial tension the higher 
the surface activity. The absolute and also the relative - 
surface activities of substances are dependent upon the 
nature of the two phases involved. Highly surface 
active substances have great penetrating and spreading 
powers. 
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Fig. 8. Diagrams showing the relation between the 
concentration of sodium cholate and the percentage 
inhibition of the uptake of hexyl resorcinol by 
Ascaris from a 1/4000 solution. 


(a) 


Concentration of Na 


Curve cholate g. % 
1 0-0 
2 0-125 
3 0-250 
4 0-500 


(6) Curve 1, inhibition at 15 min.; curve 2, inhibition 
at 30 min.; curve 3, inhibition at 60 min. 


bile salt concentration. A parallel series of curves 
was obtained for saponin (Fig. 9). 

The physiological data enumerated above suggest 
that the bile salts inhibit the penetration of hexyl 
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resorcinol into the worm by changing its physico- 
chemical state in the medium. The only alternative 
explanation is that the presence of the bile salts 
produces some subtle reversible change in the 
worm itself. 

Extrapolation from the curve in Fig. 8 suggests 
that there is a possibility of the formation of a com- 
plex between one molecule of hexyl resorcinol and 
six or more molecules of cholic acid in solution. 
That might explain the inhibition. Wieland & Sorge 
(1916) have found physical-chemical evidence for 
the existence of such so-called ‘co-ordination com- 


sl 
02 
0-45 
= 
2 0-2} 
O-lF 
0 


0 20 40 

Time (minutes) 

Fig. 9. Diagram showing the effect of saponin on the 

uptake of hexyl resorcinol by Ascaris from a 1/4000 

solution. (1) control; (2) control; (3) 0-05 % saponin; 
(4) 0-25 % saponin; (5) 0-5 % saponin. 


pounds’ between bile acids and a variety of com- 
pounds including fatty acids, ketones, phenols, 
alcohols and alkaloids. Desoxycholic acid has been 
shown to form compounds with a molecular ratio 
between the so-called alcoholic radicle and the 
desoxycholic acid of 1:1, 1:2, 1:3, 1:4, 1:6, 
and it was thought that other compouhds with an 
even higher proportion of desoxycholic acid might 
exist. Cholic acid, on the other hand, has only been 
shown to form definite compounds with a molecular 
ratio of 1: 1, although no evidence for the impossi- 
bility of the formation of such compounds with a 
higher molecular proportion of cholic acid has been 
obtained. If such a compound were to be formed 
between hexyl resorcinol and, say, six or more 
molecules of cholic acid, it might explain the results 
recorded in this paper. 

In seeking evidence for the existence of a com- 
pound between hexyl resorcinol and cholic acid, a 
eutectic diagram representing the relation between 
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the inelting points of mixtures of hexyl resorcinol 
and cholic acid and their composition was plotted. 
The significance of such curves is discussed in detail 
by Rheinboldt (1925) and by Sobotka & Goldberg 
(1932). The curve obtained in this case showed a 
slight inflection about the point at which the’ mole- 
cular proportion between hexyl resorcinol and the 
cholic acid was 1 : 6, but it was not sufficiently pro- 
nounced to establish the existence of a compound. 

Further evidence was sought by attempting to 
prepare such a compound by two different methods: 
(a) using the general principles of the method of 
Sobotka and Goldberg (1932), and (b) the method 
of Wieland & Sorge (1916). In each case no com- 
pound was obtained. 

The possibility remained that there was a com- 
plex formed which was only stable in aqueous solu- 
tions. This was tested by seeking evidence for 
anomalous depression of the freezing point of solu- 
tions containing sodium glycocholate and hexyl 
resorcinol. No satisfactory evidence was obtained. 

The above results showed that no compound 
which may be isolated is formed by bile salts de- 
rived from cholic acid and hexyl resorcinol. How- 
ever, the physiological evidence still suggests that 
some such mechanism as the formation of a non- 
penetrating complex is involved in the inhibitions 
observed. Later the solution was found on such 
lines, as will be described in a later paper. 


VII. THE EFFECT OF A NUMBER OF DRUGS 
AND OTHER SUBSTANCES ON THE RATE 
OF UPTAKE OF HEXYL RESORCINOL BY 
ASCARIS 

It has been known for a long time that some sub- 

stances are capable of increasing the biological 

activity of others. For example, Hurst (1940) 

showed that the insecticidal activity of mixtures of 

organic substances is greater in some cases than that 


of either of the components alone. In this case 


* mutually induced penetration of the substances 
concerned explains the physiological phenomena 
observed. Considering the nature of the cuticle of 
Ascaris and known principles of penetration and 
induced penetration, a number of substances were 
used for treating Ascaris in the hope of increasing 
the rate of penetration of hexyl resorcinol into it, 
and thus increasing the efficiency of the drug. These 
included protein reagents which might change the 
cuticle by reacting with the protein of which it is 
chiefly composed, thiolacetic acid which might 
disrupt the —S—S— linkages which seem to be 
abundant in the cuticle protein, chloroform which 
should disperse any lipoid layer which may exist at 
the hydrophobic surface of the worm, and some nar- 


cotic substances. Incubation with solutions of urea, ’ 


glycerol, thiolacetic acid (neutralized), sodium sali- 
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cylate, caffein, ethyl alcohol, amy] alcohol, urethane, 
chloroform and diethyl aniline did not give any 
well-marked effects, either in increasing or de- 
creasing the subsequent penetration of hexyl 
resorcinol. 


VILL. CONCLUSIONS 


While not necessarily reproducing the conditions of 
the pig’s intestine which are relevant to the ascari- 
cidal action of hexyl resorcinol, the experiments 
described above point to the possible effect of the 
numerous kinds of material which may occur 
naturally in the intestine or which may be easily 
introduced into it. The information obtained by the 
brief in vivo investigation indicates that some of the 
effects obtained in vitro probably do occur in vivo. 
That is very likely in the case of mucin. Absorption 
of the drug on to mucin may well remove it from the 
sphere of action, but on the other hand, it may pro- 
vide a reservoir producing a continuous supply of 
a low concentration of the drug over a long period, 
and so aid the drug action in the long run. (It has 
been observed that the worms in situ in the host’s 
intestine are usually surrounded by mucous clots.) 
On the other hand, the effect of bile salts is likely 
to be quite different in vivo owing to the inter- 
ference of numerous other components of the com- 
plicated emulsion in the small intestine of which the 
bile salts are only one of several kinds. Con- 
sequently it may prove profitable to study the 
behaviour of the drug in these more complicated 
naturally occurring systems. 


IX. SUMMARY 


1. Hexyl resorcinol penetrates readily into 
Ascaris lumbricoides var. suis through the cuticle. 

2. The rate of penetration is roughly propor- 
tional to the concentration of the drug in the 
medium, and is not significantly affected by changes 
of pH or oxygen tension and the presence of a 
number of other substances, including other drugs 
and certain nutrient substances. 

3. The rate of penetration is greatly decreased 
by gastric mucin and certain concentrations of bile 
salts and soaps. 

4. The rate of penetration of the drug is increased 
by certain concentrations of sodium oleate. 


The author is greatly indebted to Prof. D. Keilin, 
Dr E. Friedmann and Dr J. F. Danielli for their 
interest and advice; and also to Dr G. Lapage, 
Dr J. A. Venn, Dr E. Watchorn and Dr J. Boursnell 
for advice and help. He is also indebted to Prof. 
E. K. Rideal and Dr A. S. Alexander for the gift of 
some synthetic detergents used in this work. 
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THE TRANSMISSION OF ACTINOMYCES RHODNII ERIKSON 
IN RHODNIUS PROLIXUS STAL (HEMIPTERA) AND ITS 
INFLUENCE ON THE GROWTH OF THE HOST 


By G. BRECHER anp V. B. WIGGLESWORTH, London School 
of Hygiene and Tropical Medicine 


Symbiotic micro-organisms seem to occur in all 
those blood-sucking insects which feed solely on 
blood throughout their life cycle. It was therefore 
suggested by Wigglesworth (1929) and by Aschner 
(1931) that such organisms may supply their host 
with some accessory food substance that is lacking 
in blood. In the blood-sucking Triatomids micro- 
organisms are constantly present in the lumen of 
the gut. Such micro-organisms were described by 
Duncan (1926) in Rhodnius, by Dias in 1933 (see 
Dias, 1937) in Triatoma megista, and by Wiggles- 
worth (19366) in Rhodnius and several species of 
Triatoma. In this last paper evidence was produced 
that organisms from Rhodnius can serve as a source 
of some vitamin of the B group, which is required 
for growth by the larvae of the blow-fly Lucilia and 
which is deficient in blood. 

Although attempts to culture this micro- 
organism from the egg contents were unsuccessful, 
it was believed that transmission took place through 
the egg: (i) Because recently hatched Ist stage 
nymphs were always found to contain the organism 
even when fed through autoclaved mouse skin on 
sterile blood, or when fed on the cleaned human 
skin. (ii) Because it was thought that the micro- 
organism could be detected within the cells of the 
first segment of the mid-gut in sections of the unfed 
Ist stage nymph. 

From a re-examination of the sections we have 
satisfied ourselves that the last conclusion was based 
on an error of observation and that the objects in 
the cells were rows of cell granules and not the 
beaded micro-organism which is seen later in the 
gut lumen. Now it has been shown recently by 
Rosenkranz (1939) that the bacteria in the gut of 
Pentatomid bugs are taken up by the newly hatched 
nymph from the surface of the egg. We have there- 
fore reinvestigated the mechanism of transmission 
in Rhodnius by bacteriological methods. The results 
obtained have made possible the rearing of insects 
free from the symbiotic organism and we have thus 
been able to test directly the influence of the 
organism on the growth of the host. In the earlier 
paper the organism was described as a diphtheroid 
bacillus; but it was shown by Erikson (1935), whose 
paper was overlooked at that time, to be an 
Actinomyces, named by her A. rhodnii. 


ISOLATION OF THE SYMBIONT 


in order to isolate a symbiont from the tissues of an 


insect the surface of the cuticle must be treated with. 


some disinfectant which will kill the symbiotic 
organism and all the common contaminants present 
in the laboratory where the work is being done. 
Mercuric chloride (1: 1000) was first taken as an 
arbitrary disinfectant, and after immersion of the 
insect in this, washing in alcohol, and sterile dis- 
section, following the method of Glaser (1930), 
A. rhodnii was recovered from the gut in a number 
of adults and nymphs. Various disinfectants were 
then tested against A. rhodnii by the Rideal-Walker 
method; and it was found that even 1: 100 mer- 
curic chloride did not kill it after 16 min. exposure. 
Eventually it was shown that Lysol’ B.P. at a 
concentration of 1% or higher in distilled water 
would kill A. rhodnii in 2 min. For sterilization* 
of the cuticle, 50 % Lysol for 2-5 min. was therefore 
used, allowing an ample margin of safety for the 
possible interference of organic materials. The 
technique for isolation was then as follows: immer- 
sion of the insect in 50% Lysol for 5-10 min.; 
washing under a stream of sterile water; sterile 
dissection; inoculation with a platinum loop from 
the gut on to 5% blood agar. 

The organism isolated in this way was identical 
with A. rhodnii (Erikson, 1935), with the exception 
that it failed to liquefy gelatine. The typical ap- 
pearance of filaments, later breaking up into rods 
and finally cocci, is easily seen on direct microscopy 
of colonies on synthetic agar (Orskov, 1923). On 
5% blood agar at 30°C. colonies are visible after 
48 hr. and grow to 1-2 mm. in diameter, with entire 
edge, smooth, slightly dome-shaped. Very occa- 
sionally the colonies may become rugose, usually for 
one subculture only. The initial colour is white to 
muddy; reddish brown after 1 week. On 10-20% 
blood agar the colonies are dark red. On Loeffler’s 
serum agar colonies are similar, the colour being 
orange. This dependence of the colour of Actino- 
myces colonies on the medium used has been stressed 
by Waksman (1919). 

One strain of the organism dissociated after 

* Throughout this paper the word ‘sterile’ will be 
used to denote the absence of A. rhodnii. 
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several subcultures into a yellow variant. We 
suspect that this took place when an accidental 
contamination of the culture with a saprophytic 
Staphylococcus occurred, though attempts to re- 
produce this dissociation were unsuccessful. The 
yellow pigment was formed both on blood agar and 
agar and there was no reversion to the original type. 
Only in very young cultures on blood agar were 
filaments to be found. The smears are best made 
before the colonies become visible macroscopically ; 
after 48 hr. only rods of diphtheroid appearance 
(Wigglesworth, 19366) are seen. 

The typical sequence of events, formation of 
filaments, breaking up into rods and cocci, can be 
followed also in the gut of Rhodnius. From 6 to 10 
days after feeding, depending on the temperature 
at which the insects are kept, unmistakable fila- 
ments with rich branching can be seen in smears of 
the stomach contents stained with Wayson’s stain 
without previous flaming. Later only rods and cocci 
are found; and in the excreta usually cocci alone can 
be discovered. The haematin in the excreta ob- 
scures the organism. Smears should be very thin. 
Occasionally Hucker’s modification of the gram 
stain has given excellent results. Giemsa is a very 
good stain for both gut contents and excreta. 


TRANSMISSION OF ACTINOMYCES 
RHODNII 


A. rhodnii’ was readily grown from normal eggs of 
Rhodnius crushed into 0-2% glucose broth con- 
taining some 5% citrated blood. It was also ob- 
tained when the eggs were immersed in this medium 
without crushing. On the other hand, if the surface 
of the eggs was first sterilized by immersion for 
2 min. in 50% lysol, in no case was the Actino- 
myces recovered from the egg contents. Nor could 
the organism be isolated from the ovarian egg inside 
the body of the female, provided care were taken 
that the platinum loop did not touch the gut during 
the dissection. Similar results were obtained with 
the normal Ist stage nymph recently hatched. 
When not sterilized this invariably carried the 
Actinomyces. But no unfed Ist stage nymph was 
found to harbour the organism internally, that is, 
after immersion in lysol for 2 min. On the other 
hand, a varying proportion of Ist stage nymphs 
which had fed were found infected internally; and 
the later stages, reared under normal conditions 
alongside infected insects, were invariably infected. 

These results suggested that infection is taken up 
after hatching, and that if the surface of the egg 
were sterilized and the resulting nymphs reared 
with suitable precautions they might be obtained 
free from infection. The eggs were therefore im- 
mersed in 50% lysol for 2 min., washed in running 
water and then placed in specimen tubes (3 x 1 in.) 
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sterilized by boiling. A variable proportion of the 
eggs survived. The resulting nymphs were then kept 
singly in the sterilized tubes and fed through clean 
voile on the ear of a rabbit well washed with soap 
and water and with alcohol. On reaching the 3rd or 
4th instar the insects were fed again and the stomach 
content examined bacteriologically a week later. 
All were sterile. 

Having once reared sterile nymphs in this way 


.it was possible to test the effectiveness of any 


disinfectant direct and to search for something that 
would not cause the variable and often heavy 
mortality given by lysol. Ultimately gentian 
violet, 5% in distilled water for 5 min., was found 
to be an effective substitute which caused no 
mortality in the eggs. After immersion in this the 
eggs were rinsed with alcohol and then washed in 
watet. The ear of the rabbit was wiped over with 
the same gentian violet solution between each feed- 
ing and, in order to avoid any risk of air-borne 
infection, the tubes were kept in a separate incu- 
bator containing no infected insects. 


MECHANISM OF INFECTION 


The mechanism of the infection of Pentatomid bugs 
by the symbiotic bacteria which accumulate in the 
caeca of the intestine has recently been elucidated 
by Rosenkranz (1939). He finds that, contrary to 
the belief of Glasgow (1914) and Kuskop (1923), 
these organisms are not present inside the egg, nor 
within the gut of the insect in process of hatching. 
But they are densely smeared over the surface of 
the egg; and during the ‘Ruhezeit’ after hatching, 
during which the young nymph repeatedly probes 
the egg surface with its proboscis, they are taken in 
and soon invade the developing crypts in the mid- 
gut. In one genus, Acanthosoma, there are special 
smearing organs, stuffed with the bacteria, which 
open on the gonocoxae of the eighth abdominal 
segment and apply large quantities of the organism 
to the surface of the egg. In other genera no special 
organ exists, but there are always masses of the 
bacteria on the egg shell. 

The newly hatched nymph of Rhodnius has not 
this habit of probing the egg shell; and, although 
Actinomyces rhodnii can be readily cultivated from 
the egg surface, it is not sufficiently numerous to be 
evident on the stained egg shell examined micro- 
scopically, nor is there any smearing organ in the 
female Rhodnius. It therefore seems unlikely that 
this is the sole or main method of transmission in 
Rhodnius. 

A number of newly hatched Ist stage nymphs 
derived from eggs sterilized with gentian violet were 
kept in a tube with a large batch of normal Rhodnius 
eggs for about a week. They were then isolated and 
fed under sterile conditions. When they had reached 
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the 3rd instar they were examined bacteriologically 
and all were found infected, whereas none were in- 
fected among the control group from the same batch 
of eggs reared under sterile conditions throughout. 

It is clear therefore that infection can be taken 
up from the egg surface. In order to test the 
efficiency of this mechanism normal untreated eggs 
were put singly in sterile tubes and the resulting 
nymphs reared with sterile precautions until they 
reached the 3rd instar, the egg shell remaining in 
the tube throughout. In one experiment three in- 
sects out of six showed Actinomyces in smears from 
the stomach. In another experiment in which the 
stomach contents were examined bacteriologically 
all out of twelve were sterile. 

In this experiment and in the preceding one, no 
precautions were taken to free the eggs from the 
excreta with which they are often contaminated. 
It may be that only those eggs which have been 
soiled with infected faeces carry enough organisms 
to infect the nymphs. Eggs which had been steril- 
ized with 50% lysol were smeared with a culture 
of A. rhodnii, one drop of a heavy suspension of the 
organism in sterile saline being allowed to fall on the 
egg and the surplus saline taken up immediately by 
filter-paper. The eggs hatched a week after they had 
been smeared, and after rearing to the 3rd instar 
with sterile precautions all seven survivors were 
found to contain A. rhodnii. 

Under normal conditions it is probable that the 
egg surface is of little importance as a source of in- 
fection and that the chief source is the infected 
faeces of the other insects. Brumpt (1914) records 
that Rhodnius frequently sucks up the excreta of 
other individuals and suggests that Trypanosoma 
cruzi may be conveyed from one to another by this 
means. We have ourselves never observed the 
ingestion of faecal fluid in this way, but when 
lst stage nymphs of Rhodnius derived from eggs 
sterilized with lysol were reared in the same tube 
as normal 2nd stage nymphs, all were found to be 
infected with Actinomyces when they reached the 
3rd instar. 

In this experiment the bugs may possibly have 
sucked up fresh excreta; but infection can certainly 
take place without that happening. Thus a batch of 
lst stage nymphs derived from eggs sterilized with 
gentian violét was divided into three lots: A were 
reared together in one tube with sterile precautions. 
B were put together in a tube containing much 
fresh wet excreta from normal Rhodnius and kept 
for a week. C were put together in a tube containing 
dry excreta from normal Rhodnius. 

After one week with the excreta, B and C were 
fed and then immediately isolated singly in sterile 
tubes and reared under sterile conditions. On 
reaching the 3rd instar they were examined bac- 
teriologically. All A were sterile. Of B, one was 
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sterile, four contained Actinomyces. Of C, all. six 
contained Actinomyces. 

In other experiments it was shown that sterile 
Rhodnius nymphs likewise became infected if they 
were reared in tubes the inner surface of which had 
been smeared with a suspension of Actinomyces 
rhodnii in sterile saline and then dried in an incu- 
bator at 30° C. 


GROWTH OF RHODNIUS FREE FROM 
ACTINOMYCES 


Rhodnius has five nymphal stages in each of which 
it takes a single gigantic meal of blood. At 25° C. 
moulting occurs at an interval of about 10 days after 
feeding in the Ist and 2nd instars, increasing to 
about 15 days in the 4th instar and 28 days when 
the 5th stage nymph moults to become adult 
(Wigglesworth, 1933). Providing a sufficiently large 
meal of blood is taken the Rhodnius nymph never 
fails to moult after one feed (Wigglesworth, 1934). 
During the present experiments the insects were 
kept at 30° C.; at this temperature the above times 
are shortened, the 5th stage nymph requiring only 
about 20 days to become adult. 

The nymphs which had been freed from Actino- 
myces by sterilization of the egg rarely showed any 
difference from the normals in their rate of growth 
up to the 4th instar, although there were a few 
individuals in which moulting was unduly delayed 
and two 2nd instar nymphs, out of several hundred, 
failed to moult after a meal of normal size. After 
the 4th instar, however, an increasing proportion of 
the sterile insects were greatly delayed in moulting, 
or entirely failed to moult after a single feed or after 
repeated feeds, and very few reached the adult 
stage. Two experiments may be described as 
examples. 

(i) Eleven sterile Rhodnius nymphs. All reached 
the 5th instar in about the normal time. These were 
fed on 10 March 1942: none moulted. They were fed 
a second time on 5 May 1942: none moulted, but one 
died. They were fed a third time on 5 August 1942: 
five moulted to adults but all were delayed in the 
process, the intervals between feeding and moulting 
being 26, 26, 28, 38, and 42 days. The absence of 
Actinomyces in them was confirmed by smears from 
the stomach. Five of the nymphs failed to moult. 
These remaining five were fed for the fourth time on 
20 November 1942: none moulted. They were fed 
for the fifth time on 26 January 1943: none moulted. 


_They were fed for the sixth time on 21 April 1943: 


none moulted. They had now survived as 5th stage 
nymphs for more than a year. If they had moulted 
to adults after their first feed, they would have 
been dead by that time. 

(ii) Forty-one sterile Rhodnius nymphs. Two 
failed to moult after feeding in the 2nd instar. The 
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remainder grew normally until they reached the 
4th instar. 

Seven of these 4th instar nymphs failed to moult 
after a single feed. On giving a second feed they 
successfully moulted to the 5th instar, but three of 
them were delayed and required double the normal, 
interval after feeding. 

Thirty-two of the 4th instar nymphs moulted 
after their first feed, but in many of them the moult 
was long delayed and did not occur in one insect 
until 111 days after feeding. The median interval 
between feeding and moulting in this batch was 
70 days, against the normal average of 15 days. 

Of the 5th instar nymphs resulting: 

Twelve were fed singly under sterile conditions 
and none moulted. On feeding a second time two 
only moulted to the adult stage, one dying in the 
process. 

Seventeen were kept together in a jar on blotting 
paper heavily contaminated with the excreta of 
normal Rhodnius and fed without special precau- 
tions. All moulted to the adult stage in the normal 
time. Smears of the stomach contents after moult- 
ing showed masses of Actinomyces. 

So few Rhodnius free from Actinomyces have be- 
come adult that it has been difficult to test the 
reproductive capacity of the sterile insects.. From 
the few experiments made, however, it seems highly 
improbable that they are capable of egg production. 

Thus, one female presumed free from Actinomyces 
was put with a male (later proved by a smear from 
the stomach to be free from Actinomyces) at the end 
of November 1941. They were fed on 8 and 18 
December 1941 and 6 and 22 January 1942, that is, 
for almost 2 months after moulting, without any 
eggs being produced; whereas the normal female 
will produce eggs in about 10 days and will do so 
even in the absence of the male. The sterile male 
was then replaced by a normal infected male and 
the female fed again on 3 and 20 February 1942. 
Eggs began to be laid at the end of February. 
A smear of the stomach contents made at the end 
of March showed that the female had become in- 
fected with Actinomyces. 

Another pair, ultimately proved by stomach 
smears to be free from Actinomyces, became adult 
at the end of December 1941. They were kept well 
fed (5 and 22 January, 3 and 17 February, 14 March 
1942) but no eggs were produced and when the 
female was dissected on 24 March 1942, 3 months 
after becoming adult, there was no ovarian de- 
velopment. 


OTHER BLOOD-SUCKING REDUVIIDS 
Triatoma rubrofasciata, T. infestans and Eutriatoma 


flavida were found to contain organisms very 


similar to those in Rhodnius (Wigglesworth, 19366). 
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Dias (1937) describes them as occurring in nine 
species. In the course of the present work Actino- 
myces rhodnii was isolated from Triatoma infestans, 
which had been reared in this laboratory alongside 
Rhodnius for some years.* These insects are not so 
easy to rear as Rhodnius and therefore do not lend 
themselves so readily to studies of the influence of 
the micro-organism on growth. Patton & Cragg 
(1913) observed that T'riatoma rubrofasciata often 
requires several feeds in the 5th instar before it will 
moult. Perhaps this is due to the absence of infec- 
tion with Actinomyces or some similar organism in 
certain individuals, 

In recent years we have lost cultures of Triatoma 
rubrofasciata and Eutriatoma flavida because the 5th 
stage nymphs have obstinately refused to moult in 
spite of repeated feeding. It now seems likely that 
this has been due to the custom of always trans- 
ferring the eggs to a clean tube, and so accidentally 
sterilizing the culture. Smears of the stomach con- 
tents of the last remaining 4th and 5th stage 
nymphs of T'riatoma rubrofasciata which had failed 
to moult although fed many times had been pre- 
pared some years ago. Examination of these showed 
that micro-organisms were absent. 

During the course of the present work the culture 
of Eutriatoma sordida was found to be going the 
same way., The nymphs had ceased moulting 
although fed repeatedly from October 1942 until 
February 1943. Blotting paper saturated with the 
infected excreta of normal Rhodnius was then 
introduced into the jar and after feeding again they 
at once began to moult after the normal interval. 


B. WIGGLESWORTH 


DISCUSSION 


It is evident that there is no constant mechanism 
of transmission of Actinomyces in Rhodnius from 
adult to offspring. The infection is probably ac- 
quired in a variety of ways, chiefly perhaps from 
the infected excreta of the other members of the 
species with which they will come into close contact 
in their normal hiding places. In spite of this rather 
haphazard method of transmission the organism is 
of undoubted value to the insect. Without it very 
few are able to reach maturity and those few are 
almost certainly incapable of reproduction. 

The nature of the benefit conferred by the 
Actinomyces is less certain. It cannot be an effect 
on digestion for, as pointed out in the earlier paper 
(Wigglesworth, 19366), digestion does not take 
place in the stomach where the organisms multiply 


** In some early experiments Streptococcus faecalis 
was isolated on several occasions from Triatoma in- 
festans and by smearing a culture of this on sterilized 
eggs of Rhodnius these were infected. Whether this or 
other micro-organisms can replace Actinomyces rhodnii 
in the maintenance of growth was not investigated. 
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very actively. There is no detectable difference even 
between the rate of haemolysis of the blood in the 
stomach of the normal insects and in those free 
from Actinomyces. And in the young stages diges- 
tion and moulting proceed with equal rapidity in 
infected and uninfected insects. In the later stages 
the digestion of the blood is greatly delayed in the 
absence of Actinomyces; but this delay is probably 
secondary to the arrest of growth. Digestion is de- 
layed in the same way when growth or reproduction 
is arrested by depriving the insect of its growth 
hormones (Wigglesworth, 1934, 1936a). 

It seems more likely, therefore, that growth 
ceases through some vitamin deficiency. The earlier 
work suggested that the Actinomyces provide a 
vitamain of the B group; in future experiments it is 
hoped to test this directly by supplementing the 
blood with known vitamins. It may well be that 
the vitamin is needed for the production of the 
moulting hormone, 

It is of interest that growth in the sterile insects 
is seldom affected until the 4th or 5th instar. There 
are two possible explanations of this. It may be 
that the blood contains a small amount of the mis- 
sing factor, and that since the insects take more 
blood in proportion to their body weight in the 
earlier than in the later nymphal stages, the younger 
insects may be able to obtain sufficient of it from a 
single meal. This notion is supported by the fact 
that if a single meal fails to induce moulting, a 
second meal may do so. On the other hand, it may 
be that a supply of the missing factor is carried over 
in the egg and suffices the insect for several moults. 
Thus Reynolds (1943) has recently shown that in 
Tribolium the rate of growth of the larva is in- 
fluenced at least as much by the nutrition of the 
parents as by its own food. 
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SUMMARY. 


Actinomyces rhodnii has been isolated regularly 
from Rhodnius prolixus reared in the laboratory. 
It is not transmitted through the egg but is taken 
up by the young nymph from the environment; 
sometimes from the contaminated surface of the 
egg; more often perhaps from the dry excreta of 
other members of the species. 

Rhodnius has been reared free from Actinomyces 
by sterilizing the surface of the egg and feeding with 
suitable precautions. 

These sterile insects grow and moult normally 
until the 4th or 5th instar. Moulting is then 
delayed or may fail entirely in spite of repeated 
feeds of blood. Very few insects without Actino- 
myces become adult, and those few are almost 
certainly incapable of reproduction. Normal growth 
and moulting and egg production are resumed if the 
insects are re-infected with Actinomyces. 


We are indebted to Miss W. Wall for her care in 
maintaining and feeding the culture of sterile 
insects. 


ADDENDUM (8. x11. 1943) 


We have recently had an opportunity of examining 
wild caught specimens of Rhodnius prolixus from 
Venezuela and an Actinomyces, which proved 
identical with the A. rhodnii described by Erikson 
and ourselves, was isolated from these specimens. 
We are indebted to Professor Martin Mayer of the 
Instituto Nacional de Higiene, Caracas, for the 
specimens, and to Drs J. W. Kernohan and A. H. 
Sanford of the Mayo Clinic, Rochester, for the 
facilities of their laboratories. 
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